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A great deal of experimental and theoretical material on the atmospheric radiation 
is available at present. However, so far no adequate reference books have appeared 
on this subject so that specialists in different branches of science and engineering had 
to use manuals which are out of date. 

This publication contains a great body of data on the most important features 
of atmospheric radiation such as the quantitative characteristics of molecular absorp- 

‘tion and scattering, information regarding spectral and angular distributions, as well 
as about the three-dimensional structure of shortwave and longwave radtation fields, 
data on the net radiation flux of the earth’s surface, the atmosphere and the so-called 
earth’s surface-atmosphere system, information about the earth’s radiation field, etc. 

The present monograph will prove to be of value ‘to specialists in meteorology and 
the physics of the atmosphere, to those engaged in related fields, as well as to students. 


TRANSLATOR’S NOTE 


In the translation of a highly specialized monograph, such as the 
present volume, one is bound to come across many obstacles both of a 
technical nature and otherwise. For instance, the translator found it 
particularly difficult to use an appropriate equivalent for the Russian 
word indicatrix, a word that has been used very often in the book to denote 
coefficient at some places and phase function at others. 

The translator put up this and other translation problems to Prof. 
Kondrat’ev himself. In his reply, the author made several comments of 
which the following are reproduced : 


‘You cannot use ‘scattering function’ instead of ‘scattering co- 
efficient’. You can translate the whole passage. [Ch. 2, para 1, 
p- 26} as follows: ‘To describe the process of interaction, the 
absorption coefficient, the scattering coefficient and the scattering 
function are used’. ’’* 


For the benefit of the reader Prof. Kondrat’ev recommends two of his 
recent monographs published in English translation as reference books. 
These are : Radiation in the Atmosphere, Academic Press, New York, 1969; 
and Radiation Processes in the Atmosphere, WMO Monograph, Geneva, 1972. 

The translator offers her sincere thanks to Dr. A. P. Mitra, Deputy 
Director, National Physical Laboratory of India and to Dr. (Miss) A. Mani, 
Indian Meteorological Department for many useful technical suggestions. 


*From a letter to the translator written by Mrs. Helen Valikhan, Secretary to 
Prof. K. Ya. Kondrat’ev, Corr. Member of the USSR Academy of Sciences, Head of 
the Department of Atmospheric Physics, Leningrad University, Institute of Physics, 
USSR, dated August 24, 1972. 
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Thus, Chapter 1 contains a brief description of the model of the structure 

. and composition of the atmosphere (the significance of these data also lies 
in their contribution to the transfer of radiation in the atmosphere). How- 
ever, it is too early as yet to speak of the possibility of the construction of a 
radiation model of the atmosphere; the only practical course at the moment 
is to analyze the situation from the point of view of the existence of original 
data in order to construct:such a model. The present monograph can 
become the foundation for such an analysis. 


In Chapter 2 the authors have examined the. fundamental optical 
characteristics of absorption and scattering of radiation by the atmosphere, 
referring primarily to the elementary processes of molecular absorption 
and scattering on individual particles. At the end of the chapter there is a 
brief summary of the data characteristic of the scattering functions in a real 
atmosphere. 


A survey of data on the spectra] and integrated transparency of total 
atmospheric thickness is presented in Chapter 3. A detailed study of the 
principles of spectral and space-time variability of the albedo of natural 
underlying surfaces, clouds and the earth’s surface-atmosphere system has 
been given in outline in Chapter 4. 


Chapters 5-7 are devoted to the study of the principles of variability of 
direct solar, scattered, reflected and total radiations. These chapters present 
an analysis of data on spectral and angular distributions of radiation 
and provide information on the space-time variability of fluxes and totals 
of shortwave radiation. Considerable attention has been given to data on 
the incidence of radiation on an inclined surface. The radiative influx 
of heat on account of shortwave radiation has been briefly discussed. 


Information on different characteristics of thermal emission of the 
atmosphere has been presented in Chapter 8. This chapter also contains 
data on spectral and angular distributions of thermal emission, vertical 
profiles and geographic distributions not only of the fluxes of thermal emis- 
sion but also of the longwave radiative balance. As in the chapters on 
shortwave radiation, the problem of the variability principles of the fluxes 
of thermal emission on an inclined surface has also been examined. The. 
last section of this chapter describes the characteristic of the mesostructure 
of the thermal emission field of the earth as a planet. 


Chapter 9 contains data on net radiation of the underlying surface, the 
atmosphere and the earth’s surface-atmosphere system and characterizes 
the three-dimensional spatial structure of the field of net radiation as well 
as its variation with respect to time. The chapter also presents information 
on the total radiative influx of heat. 


The authors appreciate the fact that this first attempt at composing a 
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The problem of radiative transfer in the atmosphere has become a focus 
of interest for specialists not only in the field of atmospheric physics but 
also in other scientific disciplines. The interest in this problem as related 
to atmospheric physics has increased considerably with the appearance and 
development of weather satellites, especially. in relation to the solution of 
reverse problems of meteorology-problems of reconstruction of vertical 
profiles of the meteorological elements (temperature, density of air, moisture 
and others) from the data on the measurement of the quantitative charac- 
teristics of the field of outgoing radiation. A great deal of attention is now 
being given to the study of nonadiabatic (or radiative) factors of weather and 
climate in the development of the theory of climate and to a numerical model 
of the general atmospheric circulation. There has been a timely accumu- 
lation of information in the field of atmospheric radiation for sciences such 
as agrobiology, radio-physiology, therapy, etc. The characteristics of the 
earth’s radiation field turn out to be extremely important for the solution 
of complex technical problems connected with the orbiting of cosmic vehicles 
and for many other technical applications. 

K. Ya. Kondrat’ev published a book called Actinometry in 1965 in which 
-he presented a fairly complete survey of the problem of transfer of radiation 
in the atmosphere. However, this book sold out very fast. The present 
monograph is in the way of a reference book and is based substantially on 
the material contained in Actinometry; and, besides, it includes a large 
collection of new data on radiation characteristics of the atmosphere. All 
the sections of this book have been prepared by specialists in their respective 
limited fields. The majority of the authors are faculty members in the 
Department of the Physics of the Atmosphere, Leningrad State University 
named after A. A. Zhdanov. The inclusion of a large number of ‘authors 
made it difficult to ensure a stylistic uniformity in the presentation of this 
monograph. However, it resolved the more important problem of a concise 
presentation of the material, which is also fairly complete and up-to-date 
(in many cases original data have been reported). The basic information 
in the monograph comprises résults of measurements and computations of 
the radiation characteristics of the atmosphere. The text only briefly 
explains the ideas and indicates the sources of the data examined. 

Practical interests demand the development of a radiation model similar 
to the known models of the structure and composition of the atmosphere. 
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reference monograph on the radiation characteristics of the atmosphere and 
the underlying surface is, inevitably, far from complete, and would, there- 
fore, welcome any suggestions and comments, which could be sent at the 
following address : Gidrometeoizdat, 23 Second Lane, Leningrad, V-53. 


Member-Correspondent K. Ya. KonpRat’ev 
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NOTATION 


A~— integrated absorption function 
Ay—spectral absorption function 
A—integral albedo . 
Aj—spectral albedo 
A,—albedo of the earth’s surface-atmosphere system 
Ajn—albedo of an inclined surface 
By—brightness of emission __ 
Bin—net radiation of an inclined surface 
B—net radiation of an underlying surface 
Ba—net radiation of the atmosphere 
B;—radiation balance of the earth’s surface-atmosphere system _ 
Biw—balance of longwave radiation 
Bsw—balance of shortwave radiation © 
c—velocity of light 
¢,y—specific heat at constant pressure 
D—flux of scattered radiation on a horizontal surface 
Din—flux of scattered radiation on an inclined surface 
D)»—spectral flux of scattered radiation 
£,y— illumination 
E,—flux of atmospheric longwave tadiauon 
E;—flux of emission of the underlying surface 
Ew —flux of longwave emission of the atmosphere in space 
F,—flux of effective radiation at the earth’s surface 
Fetr—flux of effective radiation 
Feo —flux of outgoing longwave radiation 
Fn—flux of effective emission of a horizontal surface 
Fin—flux of effective emission of an inclined surface 
F)—flux of emission at wavelength A 
F,—flux of downward emission 
F,—flux of upward emission 
g—acceleration due to gravity 
- H—height of ascent 
H,—height of uniform atmosphere 
h—Planck’s constant 
ho—height of the sun 
he—height of clouds 
J—intensity of radiation 
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I,—intensity of radiation of wavelength A 
‘Ip—ntensity of scattered radiation 
/g—intensity of atmospheric back radiation 
Z,-— intensity of upward atmospheric radiation 
Ip—intensity of reflected radiation 
Tety—intensity of effective atmospheric radiation 
7,—intensity of singly scattered radiation 
I,-—intensity of multiply scattered radiation 
1,,'—intensity of multiply scattered radiation in the plane atinospheric 
model 
k—Boltzmann constant 
k,-—volume coefficient of absorption 
k,(m)—bulk coefficient of absorption 
ky(#)-——molecular coefficient of absorption 
m-——atmospheric mass , 
* m’'——atmospheric mass at normal pressure * 
m—-complex index of refraction 
N—index of turbidity 
N,—index of refraction 
N,—volume content of the 7-th gas 
N,*—content of molecules in a column of unit cross section 
N(H )—particle distribution function with respect to height 
n—real part of the index of refraction 
n,—coefficient of refraction 
n,—extent of cloudiness in tenths 
“n,—number of molecules in a unit volume at normal conditions 
P—transmission function 
P —transparency of the atmosphere at i-th atmospheric mass 
- P,—spectral transparency 
P,—degree of polarization 
p—pressure 


herr——effective pressure 
Q—flux of total radiation on a horizontal surface under a clear sky 


Q,-——flux of total radiation on a horizontal surface under a cloudy sky 
Qn—flux of total radiation on an inclined surface 
q-—shortwave radiation absorbed in the atmosphere 
ge-—sOlar radiation absorbed at the earth’s surface 
ge—solar radiation absorbed by the earth’s surface-atmosphere system. 
R,—universal gas constant _ es Bean 
R=-flux of reflected’ shortwave radiation : a 
Rin——flux of reflected shortwave radiation on an ficlined surface 
ee content of the i-th gas 
7,*—ratio of mixtures of the i-th gas 
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T,—spectral coefficient of brightness’ 
r,‘—spectral reflection coefficient 
S—fiux of direct solar radiation on a vertical surface 
Sja—flux of direct solar radiation in an ideal atmosphere 
Sp—flux of direct solar radiation on a horizontal surface 
Sy—flux of direct solar radiation on a vertical surface 
Sin—flux of direct solar radiation on an inclined surface 
Sa—spectral flux of direct solar radiation 
S —solar constant 
S,’—solar constant for a horizontal surface 
S,)*—solar constant on a given day 
So,—spectral solar constant 
5)— intensity of a spectral line 
s—actual duration of daylight 
5S j—probable duration of daylight 
sm—duration of daylight in a month 
T° C—temperature in °C 
T° K—temperature in °K 
T—turbidity factor 
i—time , 7 
U,—emission of an underlying surface absorbed in the atmosphere 
Uin—longwave exchange between an inclined and a horizontal surfaces 
u—amount of absorbed substance in the path of the ray 
u’—total content of attenuated component (cm or g/cm?) 
Uerr—eflective mass of absorbed substance 
w,—amount of water vapor in acolumn of atmosphere of unit cross 
section : 
w;;—amount of water vapor ina layer from the earth’s surface to the 
clouds 
x(y)—-scattering function 
z—vertical coordinate 
a—angle of inclination of a surface relative to the horizontal surface 
ay—volume coefficient of scattering 
oy(m)—bulk coefficient of scattering 
oy()—molecular coefficient of scattering 
By(m)—bulk attenuation coefficient 
y—angle of scattering 
,—half-width of the spectral line 
4 p—pressure difference 
4 H,O—shortwave radiation absorbed by water vapor 
4 Sager—attenuation of solar radiation by aerosol 
4 Sugo—attenuation of solar radiation by water vapor 
§—emission capability 
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8n—eMission capability of a horizontal surface 


§in—emission capability of a vertical surface 
8o— inclination of the sun 


€g—angle of sunset at the horizon ° 
‘qv(m)—bulk emission coefficient 
#o—zenith separation of the sun 


%—imaginary part of the index of refraction 
A—wavelength 
u-—molecular weight 
tt9(y)—-coefficient of scattering in a given direction 
y—wave number 
e—density of gas, air 
ps—density of snow 
o—Stefan-Boltzmann constant 
«—optical thickness of the atmosphere 
~—latitude of the point 
—azimuth angle 
o—azimuth of the sun 
a—solid angle 


a—hourly angle of the sun 


1 STRUCTURE AND COMPOSITION" 
e OF THE ATMOSPHERE 


1. GENERAL TERMINOLOGY 


The study of the atmosphere can be subdivided into regions based 
on specific criteria in accordance with the existing terminology. Thus, 
if we consider the molecular weight as a fundamental criterion, then we 
may divide the atmosphere into a homosphere with constant molecular 
weight and a heterosphere in which the molecular weight decreases with 
altitude; however, if the concentration of charged particles is to serve as 
a basic criterion, then a special zone, viz. the ionosphere, can be distin- 
guished; while investigating the scattering processes of gases the scattering 
region in the atmosphere called the exosphere: attains importance. The 
atmosphere can be divided into regions according to temperature ranges 
while examining the thermal regime as well as the radiative and dynamic 
processes. The lowest region (i.e. the region of convectional equilibrium) 
is called the troposphere. In this region the temperature drops with 
increasing height at a mean rate of 6° per.km. Above the troposphere 
we find the stratosphere, in which the temperature rises with height due 
to the absorption of the solar radiation’ by ozone. The tropopause 
separates troposphere from stratosphere and represents an isothermal 
region of comparatively narrow vertical extent, depending on specific 


2 Radiation Characteristics 


conditions. The average height of the tropopause in polar latitudes is 
10-12 km, and in equatorial latitudes between 15 and 17 km. The strato- 
pause, being situated at an average height of 50 km, serves as the upper 
boundary of the stratosphere. Above the stratopause the temperature 
decreases once again with height up to 80 km, the corresponding region 
being called. the mesosphere. This drop. in the temperature with height 
comes to an end within the mesopause (80-90 km), above which lies a 
wide region with a positive temperature gradient, known as the thermo- 
sphere. The rise of temperature ceases between: the heights of 250 and 
300 km and isothermy sets in at this stage. 


2. STRUCTURE OF THE ATMOSPHERE 


In studying the structure of the atmosphere we usually take into 
consideration the vertical distribution of temperature 7, pressure p and 
density of air p. These three parameters are related among themselves 
by two equations, viz. the equation of state and the hydrostatic equation 
as follows : 


F 
wil ep a 1.1 

pb uw P Ao (1.1) 
OBS oni (1.2) 


Two more parameters, depending on height, besides 7, p and 6 enter 
into these equations, viz. the molecular weight and the acceleration due 
to gravity. However, it has been experimentally established that up 
to a height of 100 km the molecular weight remains a constant and begins 
to decrease only at higher altitudes. Inasmuch as the properties of the 
atmosphere below 100 km only will be examined in the present book, it 
is possible to make use of a constant value of molecular weight, viz. 28.964- 
The dependence on altitude of the acceleration due to gravity can be 
represented by the following approximate formula: 


g ()=e7g ae (1.3) 


where d is radius of the earth. From this equation it is clear that up to 
a height of 100 km one can, in practice, use a constant value of acceleration 
due to gravity. , 

Thus, for a description of the structure of the atmosphere, it is 
necessary to have.either a third.equation, connecting these very parameters, 
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or an experimental determination of the vertical-distribution of one of 
the three parameters, i.e. TJ, p and o. The energy equation could be 
the third equation, but it usually employs new unknowns and consequently 
requires the use of more equations. The mathematical problem thus 
obtained cannot be resolved very satisfactorily. Therefore, in order to 
describe the structure of the atmosphere we make use of models in which 
one of the three parameters T, p and p is known on the basis of experimental 
data, and the remaining two are found with the help of equations (1.1) 
and (1.2). Such an average model for the earth representing standard 
-atmosphere USA-1962 [27] is presented in Table 1.1. Other characteris- 
tics of the atmospheric gas besides the temperature, pressure and density 
are also presented in this Table. Specific vertical distributions of atmos- 
pheric parameters can differ considerably from their standard values. 
These deviations could be of a regular or a fluctuating nature. A large 
_amount of experimental data, accumulated recently, has allowed us to 
establish with reliability the basic patterns of regular latitudinal and 
seasonal variations of the structural parameters of the atmosphere in 
the layer between 0 and 90 km. These patterns are reflected in models 
of atmosphere for different latitudes and seasons appended to standard 
atmosphere USA-1962 [27] (Table .1.2). 


3. GASEOUS CONSTITUENTS OF THE ATMOSPHERE 
3.1 Units of measurement of gaseous content 


We make use of different units of measurement for a quantitative 
representation of a specific gas,-whose choice depends upon the experi- 
mental methods of investigation as well as on traditions laid down during 
the study of a particular gas. The fundamental units of measuring gaseous 
contents and their definitions are presented in Table 1.3.. 

Besides the characteristics enumerated: in Table 1.3 it is necessary. 
to point out the often-used expression about the general contents of molecules 

-in the form of thickness of the layer of molecules under specific conditions 
(for instance, at normal temperature and pressure or during transition 
of all the molecules into the liquid phase). In this case the unit for density 
of gas is cm/km and represents the quantity of gas introduced under normal 
conditions in a. vertical column of atmosphere with a cross section of 
1 cm? and height equal to 1 km. 

This unit is most often used in the case of ozone, whose conversion 
from cm/km to pg/m? is given by the following formula : 


1 cm/km=2.14 x 104 pg/m?. 


4 Radiation Characteristics 
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3.2 General information about the constituents of - 
air near the earth’s surface 


The basic information about the constitution of dry air near the 
ground is given in Table 1.4. 

From the Table it is obvious that 99% of dry atmosphere consists 
of oxygen and nitrogen. However, the immediate role of these gases 
in the formation of radiative and thermal regimes in the atmosphere to 
a height of 70 km is comparatively unimportant and mainly lies in the 
creation of a medium with definite values of pressure, density, specific 
heat, etc. This is because of the optical insensitivity of these gases in the 
near-ultraviolet, visible and infrared regions of the spectrum and of the 
insignificant variability in time and space. The time-space distribution 
of water vapor, carbon dioxide and ozone is of the greatest importance in 
the study of radiative and thermal regimes. 


3.3 Water vapor 


(a) Characteristics of humidity. ‘The possibility of transforming water 
vapor into the liquid state under natural conditions differentiates it from 
all the other gases. Thus, for the determination of the amount. of water 
vapor in air we have to introduce other characteristics besides those enu- 
merated in Table 1.3, viz. : 

(1) water vapor pressure e, representing partial pressure; 

(2) saturation vapor pressure E Ge e. maximum value of pressure 
at a given temperature); 

(3) relative humidity / (ratio of actual vapor pressure ¢ to saturation 
vapor pressure E at a given temperature, expressed as a percentage). 
These characteristics together with dew-point temperature (i.e. temperature 
‘at- which vapor contained in air at constant partial and full pressures 
becomes saturated) are given in psychrometric tables. 

It is necessary to know the local characteristics of humidity besides 
the total amount of water. vapor in the path of the ray during optical 
investigations and computations given as follows : 


Zz L 
) 
=> 1 =. 4, Z 
w Vola 2.19 10 \ a We 
o o 


- The value of w, having. units -.g/cm®, numerically equals.the pressure: 
exerted on a layer of water of thickness w cm. Therefore a layer of con- 
densed water 1 cm in thickness is used as a'unit for measuring the amount 
of water vapor. 
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Table 1.4 Standard constituents of dry atmospheric air at sea level [27] 


Gas Contents in % vol. Remarks 

N, 78.084 Dissociates in thermosphere 

O, 20.948 

Ar 0.934 

co, 0.003 Changes with respect to time and space 

Ne * 0.0018 

He 0.00052 

Kr 0.0001! 

Xe 0.000087 

H, 0.00005 Disappears during chemical reactions in ther- 
mosphere 

CH, 0.0002 Dissociates in the upper regions of mesosphere, 
significantly changes in space : 

N,O 0.000025 Dissociates 

O; summer, from 0 to 0.000007 Changes strongly. Forms and disappears in 


= stratosphere and mesosphere 
winter, from 0 to 0.000002 


so, from 0 to 0.0001 Changes strongly 
NO, from 0 to 0.000002 -do- 
I, from 0'to 0.000001 -do- 


The influence of water vapor in practically all processes occurring 
in the troposphere, and its strong variability (volume content may change 
in values from nearly zero to 3-4%) has been responsible for the great 
interest exhibited since ancient times in the study of the peculiarities of 
its distribution. However, the problem of space-time distribution of 
moisture content remains unresolved in a significant measure. We out- 
line the available experimental data below. 

(b) Humidity at the earth’s surface. The humidity of air toa consid- 
erable extent determines its temperature. The humidity at the earth’s 
surface has a distribution similar to the temperature distribution. However, 
appreciable differences in the temperature and humidity distributions 
may be observed because of the strong influence of many other factors 
such as the increase in moisture due to evaporation, convectional inter- 
mixing in the atmosphere, and processes of cloud formation. 

The humidity at the surface is due to a number of parameters 
regularly measured by a network of meteorological stations. Maps and 
tables of humidity of the air at the surface have been compiled as a result 
of many years of observations (for instance [13]). However, the actual 
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value of humidity can be significantly different from the average climato- 
logical magnitudes. 
; (c) Vertical profile of humidity. In spite of many years of investigation 
of the vertical profile of humidity with the help of meteorological radiosondes 
there are extremely scanty data even for comparatively small altitudes. 
It is possible to derive an approximate value of humidity at different 
heights by using the empirical formulas given below; these were obtained 
on the basis of observations [7] over a number of years. 
Gann’s formula 
-z/6- 

e=eX10 ie (1.4) 
or Khrgian’s formula 

r=1,x 10 47-8?" (1.5) 


where e = water vapor pressure, 
r = specific humidity and 
A and B = constants depending on-atmospheric conditions (mean annual 
values A=0.0845 km-! and B=0.0161 km-?). 

The parameters entering into these formulas change with the 
geographic position of the point of observation, the season and meteoro- 
logical conditions. 

The humidity profile in the upper, troposphere has been studied 
even less than at the surface of the earth. Usually magnitudes measured 
by a group of English investigators [16, 36] are used as provisional mean 
values of humidity in the upper troposphere. Besides mean profiles given 
in Fig. 1.1, many important though semiqualitative derivations of ‘the 
pattern of variation of humidity in the upper troposphere have been obtained 
in the articles [28, 36]. 


-70 -60 -50 
. Freezing point 
0.001 0.010 0.100 1.00 g/kg 
Mixing ratio 


Fig. 1.1, Mean profile of humidity in upper troposphere 
and lower stratosphere (36]. 
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1. Humidity in the upper troposphere has a sufficiently well-defined 

seasonal behavior; the air in winter is a little drier at higher altitudes than 
in summer. The magnitude of seasonal variation of humidity in the 
troposphere decreases with altitude. In the lowest layers of the strato- 
sphere an inverse seasonal behavior of humidity may be observed. 
2. Meteorological conditions and the previous history of the air 
mass exert considerable influence on humidity at all altitudes up to the 
tropopause. Thus the humidity is lower in cyclones. and higher in anti- 
cyclones (high-pressure areas) than the average humidity at a fixed altitude. 
The warm sea air close to the tropopause appears to be more damp than 
the cold continental air. : 

Latitudinal behavior of humidity at different altitudes in the tropo- 
sphere is shown in Fig. 1.2 from the results in the article [22]. 


20 pmb 
100 
15. 150 
200 
300 
10 
400 


70 660 (S50 40s 30 0s“ 0. -10 -20 -30 -40 -S0 -60 -70 


Fig. 1.2. Latitudinal distribution of dew-point temperature 


in stratosphere [22]. 
» XN 


In Table 1.5,. as in Table 1.2, which is a supplement to standard 
atmosphere USA-1962, the standard distribution of temperature, relative 
humidity, and virtual temperature in the troposphere are given at different 
latitudes and in different seasons. 

The researchers encountered many difficulties in making measure- 
ments of humidity in the stratosphere. To date scientists do not agree 
as to the amount of water vapor contained in the atmosphere above 15 km. 
The experimental data which exist in profusion up to a height of 30 km 
are extremely contradictory. Therelore the following two extreme cases 
are usually accepted for different kinds of computations and study: 

1. The mixing ratio of water vapor in the stratosphere is a constant 
and equals (2-4) x 10~-® g/g. This model is based chiefly on the results 
obtained in articles [29, 31, 32]. 

2. Mixing ratio reaches a minimum at the altitude of 14-15. km but 
again increases at higher altitudes. Several models of humidity distri- 
bution have been proposed of the type based on different experimental 
data [19, 33] the most prevalent of these being Gutnik’s model [26]. 

S. F. Rohrbough [33] investigated humidity up to an altitude of 
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Table 1.5 Humidity characteristics of standard atmosphere (27) 


z km T°K t virtual Relative humidity, % 
15° N 
0 299.65 302.588 75 
1 293.65 295,893 75 
2 287.65 289,336 75 
2.25 286.15 287.717 75 
2.5 286.95 287.743 35 
4 276.20 277.363 35 
6 263.50 263.709 35 
8 250.10 250.172 30 
10 236.70 236.717 20 
t 
T°K virtual Relative humidity % 
ekm 
January July January July January July 
30°N 
0 287.15 301.15 288.519 304.583 80 80 
1 284.15 293.65 285.244 295.580 70 65 
2 - 281.15 288.15 281.862 289.536 50 60 . 
‘3 274.65 282.65 275.098 283.716 45 60 
4 268.15 277.15 268.389 277.823 35 50° 
6 255.15 - 266.15 255.239 266.445 30 40 
8 242.15 252.15 242.185 252.266 30 40 
10 229,15 238.15 229.162 238.179 30 30 
45° .N 
1) 272.15 294.15 272.594 296.216 77 75 
1. 268.65 289.65 268.998 291.142 70 65 
2 265.15 285.15 265.427 286.192 65 55 
3 261.65 279.15 261.850 279.777 55 45 
4 255.65 273.15 255.774 273.552 50 40 
6 243.65 261.15 243.698 261.299 45 30 
8 231.65 248.15 231.664 248.211 35 30 
10 219.65 235.15 219.654 235.172 30 30 
60° N ; 
i) 257.15 287.15 257.285 288.449 80 75 
1 259.15 281.75 259.311 282.685 70 70 
2 255.95 276.35 256.089 277.062 70 70 
3 252.75 270.95 252.861 271.447 65 65 
3.5 251.15 268.25 251.245 © 60 
4 247.75 265.55 247.824 265.889 60 60 
5. 240.95 260.15. 9... 260.376 s. 55 
6 234.15 253.15 234.170 253.277 50 50 
8 220.55 239.15 220.550 239.185 40 40 
"10 225.15 225.155 
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40 km, and suggested an empirical formula which in his opinion reliably 
describes the profile of humidity between the altitudes of 15 and 40 km as 
follows: 


ra BAST: 06 
The humidity remains practically uninvestigated at altitudes higher than 
40 km. It is assumed that between the altitudes of 40 and 70 km it 
changes in the following manner: 

(1) “Dry” stratosphere, i.e. constant humidity exists between the 
altitudes of 15 and 40 km and is preserved in the region between 40 and 70 
km; 

(2) ‘‘Moist” stratosphere—the increase in humidity comes-to an end 
in the altitude range of 40-45 km; furthermore, the magnitude of the humidity 
remains constant between the altitudes of 45 and 50 km, but above this 
height it decreases, reaching the same value at an altitude of 70 km that 
it possessed in the “‘dry’? model. 

' Above 70 km a rapid decrease in humidity occurs due to photo- 
dissociation of water vapor. 

There exist practically no experimental data regarding geographic 
and seasonal variation of humidity in the stratosphere. It is possible to 
plot'a graph of the seasonal behavior of the mixing ratio above the altitude 
of 13.7 km, based on the results of article [20], while assuming a constant 
mixing ratio in the stratosphere with respect to altitude. Such a graph 
is shown in Fig. 1.3. 


I No ive VooVE VIE vill ix xX xP XW I Hout 
1963 1964. 


Fig. 1.3. Seasonal behavior of ‘ratio of mixture of water vapor 
in atmosphere above 13 km [20]. 


(d) Amount of water vapor in the atmosphere. It is necessary to know 
the amount of water vapor in the path of a ray during optical investigations. 
In particular, it becomes necessary to know the amount ‘of water vapor in 
a vertical column of atmosphere in most cases (sometimes this magnitude 
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is called moisture content in atmosphere, by which we imply moisture in 
the form of vapor only). The amount of water vapor in the mass of atmos- 
phere is usually specified for a vertical column of atmosphere. Here it 
is assumed that it can be easily converted for different inclinations. This 
is not completely justified, since the atmosphere is practically never uniform 
in. a horizontal direction. 

The most significant contribution to the moisture content in the 
vertical column of atmosphere enters in the lowest layers of air. The 
contribution to layers above 12-15 km is infinitesimally small, and all 
ambiguity regarding the question about the distribution of humidity in 
the stratosphere loses its significance in this case. The vertical moisture 
content. can be easily determined with sufficient accuracy from the data 
obtained by meteorological probing. The average value of vertical 
Moisture content in moderate latitudes is a layer of condensed water of 
thickness 1.6-1.7 cm. However, this magnitude differs widely from place 
to place and from one day to another [13]. 

Repeated attempts have been made to relate the atmospheric moisture 
content to the absolute humidity at the surface of the earth (or other 
characteristics of humidity). In [1] it is shown that this relation can be 
established only for stable air masses under conditions of weakly 
developed convectional currents in the atmosphere. In the remaining 
cases the determination of some sort of uniform dependence appears 
impossible. 

(e) Theoretical concepts of water vapor. The spatial distribution of 
water vapor is chiefly determined by the location and the intensity of 
source (evaporation) and of sink (condensation), as well as by the processes 
of mechanical transportation. Insofar as the intensities of source and 
sink depend on the temperature and the distribution of moisture and 
phase conversion of water influence the temperature distribution, the dis- 
tribution of temperature, wind, and moisture in the troposphere appear to 
be mutually interrelated. Consequently the theoretical problem of the 
distribution of moisture in the troposphere becomes part of the more genera] 
problem of weather forecasting with the help of hydrodynamical equations. 
The lifetime of water vapor in the troposphere is approximately 10 days, 
although it can significantly differ from this value depending on climatic 
conditions. : 

In the stratosphere and mesosphere the distribution of water vapor is 
controlled by transfer processes through the tropopause and photodissociation 
which begins at an altitude of 65-75 km. It is possible that such a source 
of water vapor exists in the stratosphere (evaporation of water and ice 
occurring in the stratosphere can become such asource). Although photo- 
dissociation of water vapor probably starts with wavelengths shorter than 
2400 A, for wavelengths up to 1850 4 atmospheric H,O remains practically 
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transparent. The photodissociation rate at neutral optical thickness is 
given by 7, (H,O)=1.5x 10-5 sec". Approximately one third of this 
magnitude is due to Z, emission. ‘The rate of formation of H,O in the 
mesosphere according to the reactions 


OH+OH —> H,O+0 
and 
OH+HO, ~ H,O+0, 


is less than the rate of photodissociation, as a result of which the photo- 
chemical equilibrium for water vapor cannot take place and a constantly 
effective sink appears in the mesosphere. Computations of vertical distri- 
bution of water vapor have been worked out in [31] at levels above which 
dissociation starts taking into consideration the processes of vertical 
turbulent diffusion and photodissociation. Here the following approxi- 
‘mate formula for profile of specific humidity above 70 km has been obtained: 


a ae a Deas 
r (z)=r (Z,) exp f ao Nae + 3 (Z—Zp) | : (1.7) 


Here Ha —height to which the atmosphere remains uniform, 


k —coefficient of turbulent diffusion, 


Ja —photodissociation rate of H,O at neutral optical thick- 
ness and equals ‘1.5 10-5 sec-}, 


Z) —level at which dissociation sets in (approximately 70 km). 


The influence of water vapor on the structure of the stratosphere and 
mesosphere has not been defined clearly, since its amount in these regions 
is not precisely determined. However, even in the case of “dry” strato- 
sphere the role of water vapor can be significant, since it can affect the 
amount of ozone, which determines the thermal regime in the stratosphere 
and mesosphere [5, 30]. 


3.4 Ozone 


(a) Fundamental experimenial résults. Ozone is the most variable 
of all the atmospheric constituents to be studied in detail. This accounts 
for the relative simplicity of the methods of measurement on the one hand, 
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and its important role in the thermal regime of the stratosphere and in 
the protection of the surface of the earth from ultraviolet radiation of the 
sun on the other. Recently the space-time variation of the total amount 
of ozone and the fundamental properties of the vertical distribution up to 
70 km have been studied in sufficient detail. Most of the data about ozone 
are obtained at ozonometric stations (numbering 25 in the USSR alone) 
with the help of terrestrial optical methods. Fewer measurements, referring 
mainly to vertical distribution of ozone, at a level lower than its maximum™ 
concentration, have been taken. with the help of optical, electrochemical 
and chemiluminescent ozone-probes. These distinct measurements on 
ozone have been carried out with the help of rockets and artificial satellites. 
Detailed information about the methods of measuring ozone are contained 
in a number of monographs and articles (for instance, [2, 3, 9, 35]). 

The fundamental observations on ozone lead to the following: 

(1) The mean monthly values of the overall ozone content have 
clearly defined Jatitudinal and seasonal variations, increasing from the 
equator to the pole, being a maximum in March and April and a minimum 
in September. The mean monthly values of the ozone content for different 
latitudes and in different months according to data from ozonometric 
stations participating in IQSY in 1958 are given in Table 1.6. 


Table 1.6 Latitudinal and seasonal variation of ozone content (cm) 


Month 


Latitude - 
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 


80 0.32 0.48 0.52 0.49 0.43 0.35 0.32 0.29 0.29 .0.33 0.37 0.37 
70 0.36 0.50 0.48 0.44 0.43 0.36 0.33 0.30 0.31 0.32 0.36 0.31 
60 0.34 0.41 0.44 0.42 0.40 0.37 0.35 0.34 0.30 0.30 0.28 0.32 
50 0.34 0.37 0.39 0.40 0.37 0.36 0.34 0.31 0.29 0.29 0.31 0.34 
40 0.32 0.34 0.34 0.38 0.34 0.32 0.30 0.28 0.28 0.28 0.29 0.32 
30 0.28 0.29 0.31 0.31 0.31 0.30 0.29 0.28 0.26 0.26 0.25 0.27 
20 0.23 0.23 0.25 0.27 0.26 0.26 0.25° 0.25 0.25 0.25 0.24 0.23 


Thus, the mean annual values. increase from the equator to the pole, 
but over the entire Northern Hemisphere the total: ozone content has a 
maximum in March and a minimum in September. Typical curves are 
shown in Fig. 1.4. 
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Fig. 1.4. Distribution of ozone in the atmosphere. 


a—seasonal behavior of mean total ozone content in the Northern Hemisphere; 
b—lIatitudinal behavior of mean yearly total ozone content. 


(2) The total ozone content in a unit vertical atmospheric column 
varies considerably from day to day, sometimes even exceeding the amplitude 
of seasonal and latitudinal variations. Numerous correlations of these 
variations with temperature distribution, pressure and wind have .been 
established. Detailed information about the relation between ozone and 
meteorological conditions is contained in [2, 9, 21]. 

(3) The variation in total ozone content in the course of a day due 
to the change in solar zenith angle is extremely small. 

(4) Vertical distribution of ozone changes significantly. Its funda- 
mental property is a sharp maximum of concentration, usually located at 
altitudes between 20 and 30 km. Another important feature is a rapid 
decrease in ozone concentration at the stratosphere-troposphere boundary. | 
Results of isolated measurements of the vertical distribution of ozone by 
chemical methods are shown in Fig. 1.5 [35]. The mean spatial distribution 
of ozone at altitudes below 30 km, according to data obtained at the American 
ozone probing stations, is shown in Figs. 1.6 and 1.7 [27]. The results of 
optical measurements of ozone using rockets and artificial satellites at higher 
altitudes are shown in Fig. 1.8. 
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Fig. 1.5. Profile of ozone concentration obtained with the help of 
chemical methods during rocket probing on November 23, 1965 (35). 
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Fig. 1.6, Spatial distribution of ozone (pg/m*) in July-August, 1963 (27). 
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Fig. 1.7. Spatial distribution of ozone (yg/m*) in March-April, 1963 [17]. 


(6) Comparison of experimental results with theory. The experimental 
patterns of ozone behavior in the atmosphere enumerated above are not 
in agreement with theory. According to the existing theory, the following. 
photochemical processes generate ozone in the atmosphere, viz. 


O,+hv +O +0, 
O+0 +M—+0,4M, 
O+0,+M >-0,+M, 
O,+hy +O +0,, 
O +0,—20,, (1.8) 
where M denotes any molecule. 

The solutions of the photochemical equations, which take into 
consideration these processes, show a latitudinal and seasonal behavior 
of the total ozone content which.is contrary to observations, and does not 
show 4a noticeable amount of ozone in the troposphere. The theoretical 
vertical distributions and the total ozone content in an infinite column 
differ noticeably from the experimental distribution. This is illustrated 
in- Fig. 1.8, where computation [9, 21, 30] are compared with rockets [3] 
and artificial satellites [9] measurements. Computations of the time 
necessary to set up a photochemical equilibrium (2, 9, 21] account for a 
large part of the ozone (below 35 km) in a passive admixture, which does 
not change its concentration for any possible changes in intensity of solar 
radiation. Thus it is easy to interpret the relation between the ozone 
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Fig. 1.8. Vertical distribution of ozone. 
a) Experimental: 1—according to Johnson et al. [3] ; 
; 5—according to Raucliffe et al. [9] ; 
b) Theoretical: 2—according to London and Prabkahara [9] ; 
3—according to Hunt [30] ; 4 according to Craig (21). 


content and the meteorological conditions and the absence of variation of 
total amount connected with the change in the solar altitude. Above 
40 km the computed characteristic time is small and thus the concentration 
of ozone can undergo considerable variation from day to night. This is, 
however, not reflected in the total ozone content since only a small portion 
of it is situated at these altitudes. The development of the photochemical 
theory of ozone was conducted along two directions: by consideration 
- of processes of-actual- transportation of ozone (general circulation, vertical 
movement and turbulent diffusion) [2, 34] and by consideration of reactions 
which are not included in the reaction scheme (1.8) [30]. However, none 
of these methods successfully explains all the observed patterns, and thus 
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one is led to believe that the question of formation, destruction and trans- 
portation of ozone is far from solved. 


3.5 Carbon dioxide 


‘Carbon dioxide undergoes significantly fewer time and spatial 
variations than water vapor and ozone. The sources and sinks of CO, are 
connected with the life activity of plants, its solubility in sea water and with 
industrial processes. Insofar as all these sources and sinks are situated 
on the surface of the earth, one can naturally expect that the variation of 
the CO, content is at its maximum at the earth’s surface and decreases 
with altitude. The interest in the study of the behavior pattern of CO, 
at the surface of the earth is primarily connected with biological problems. 
Investigations made over different vegetative covers show that the deviation 
in the amount of CO, from the mean value in the course of 24 hours can 
reach 100% and more. However, the thickness of the layer in which the 
daily variation is clearly marked is less than | km/[l1]. The lifetime of 
CO, in the atmosphere is about four years. Carbon dioxide is thus well 
mixed in the atmosphere. In meteorological problems its volume con- 
centration is almost always accepted as a constant equal to 3.1 x 10-? %. 
This, as well as the existence of intense. absorption bands, allows the use of 
CO, in problems of optical probing of the atmosphere to determine its 
structural parameters. 

The measurement of the CO, content in the troposphere (with the 
exception of the surface layer) and in the stratosphere- shows that the 
deviation from mean concentration does not usually exceed 3%. Fig. 1-9 
shows the seasonal variations of the CO, content at altitudes of 5, 7, 9 
and 11 km (60°N), moreover, the levels of 9 and 11 km are situated in the 
troposphere as well as in the stratosphere [17]. From Fig. 1.9 it is clear 
that the magnitude of seasonal variation decreases with altitude from 
10 ppm at an altitude of 5 km to 6 ppm in the upper troposphere and to 
2 ppm during transition from the troposphere to the stratosphere. Although 
there are no measurements of the amount of CO, above 30 km, it is usually 
supposed that the mixing ratio of CO, remains constant up to altitudes 
of the order of 100 km. At these altitudes carbon dioxide begins to dissociate 
under the action of ultraviolet radiation of A<1690 A, with L, providing 
main contribution to dissociation. 

Asa result of the formation of a large amount of carbon dioxide in the 
burning of fuel since the middle of the last century, the amount of CO, in 
the atmosphere began gradually to increase. Because CO, is absorbed 
in ocean water, the increase in the amount of CO, in the atmosphere is 
considerably less than the amount formed by artificial means. An analysis 
of a large number of observations shows that in our time the amount of 
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Fig. 1.9. . Seasonal variation of the CO, content in the troposphere at 
altitudes of 5 km (1), 7 km (2), 9 km (3), 11 km (4) and in the 
stratosphere at altitudes of 9 km (5) and 11 km (6)[17]. 


co, is increasing at the rate of 0.7 ppm ina year (11, 17] and that 20%, of 
atmospheric CO, is artificial in origin [11]. 


3.6 Methane 


Just as in the case of carbon dioxide, atmospheric methane is formed 
on the. earth’s surface. Biological reactions under anaerobic conditions, 
geochemical and industrial processes serve as its sources. Methane does 
not exert a direct influence on the structure of the atmosphere. Methane 
becomes a source of atomic hydrogen at altitudes higher than 70 km, where 
it dissociates under the action of ultraviolet radiation at A<1450 A. 
It is possible that CH, plays a role in chemical processes in the troposphere 
and stratosphere, but it has not been determined as yet. 

Spectroscopic measurements of the amount of methane in a vertical 
column of unit cross section show a value of 1.1-1.2 cm (under normal 
conditions)[24]. Volumetric content of CH, in the air on the earth’s 
surface is.(1-2) x 10-* [18]. An analysis of the measurements of absorption 
of white light at different angles shows that in all probability the volumetric 
content of methane does not depend on the altitude [25]. Investigation 
on samples of air [12] obtained with the help of traps set up in balloons 
shows: that: the volumetric content of-methane is almost -constant-in the 
troposphere and that it decreases rapidly at the boundary of the stratosphere. 
These results are shown in. Fig. 1.10. Different quantities of methane 
in a vertical column of atmosphere with unit cross section obtained on 
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flights A (3.21018 mol/cm?) and B (3.410! mol/cm?) make it 
possible to suggest that the rate of formation and destruction of methane 
is variable. Conclusions drawn on the basis of a comparison between the 
rate of formation of methane at the surface of the earth and the rate of 
turbulent transportation of methane through the tropopause in [12] show 
that the disintegration of methane occurs mainly in the tropopause. This 
contradicts the existing opinion that photodissociation is the fundamental 
mechanism of destruction of methane [15], proceeding with the coefficient 
of dissociation at neutral optical thickness equal to 4x 10-7 sec—1 [8]. The 
process of destruction of methane in the troposphere is not fully 
understood, 


2 


1.55 ppm 


0 2 4 6 8 10 12 14 16 18Hkm 


Fig. 1.10. Vertical distribution of methane for two balloon flights 
Aand B[!2]. The concentration of methane relative to the 
standard (1.55 ppm) is along the ordinate. . 


3.7 Oxides of nitrogen 


N,O is the most important of all the oxides of nitrogen in the lower 
layers of the atmosphere. A sufficiently large number of measurements 
on the amount of N,O on the earth’s surface give an approximate value of 
2.5x10-?. Table 1.7 gives several results on measurements of N,O b 
different methods [14]. ; 


Table 1.7 Volumetric concentration of N,O [14] 


Method of measurement ~ Nx 107 
Solar spectrum; band 7.8 p ' 2.740.8 
Solar spectrum; P branch of band 4.5 p. 1,2 
Solar spectrum; line of band 3.7 » 2.5 
Absorption in horizontal path of length 760 m; 2.740.5 
_  P branch of band 4.5 p 
Mass spectrometry 541 


Gas chromatography ; 3+! 
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Depending on the angle of the sun [25], measurements on the intensity 
of atmospheric emission of 2.16 w from N,O lead to the conclusion that the 
oxide of nitrogen is uniformly distributed along the vertical. There are 
little time and spatial variations in the N,O content [11]. 

Photodissociation of N,O starts at A=2100 A and can occur at 
altitudes of the order of 20 km. A source of formation of N,O with a rate 
of production of (2-3) x 10° cm-? sec-! [14] must exist in order to balance 
the loss. 

The total volumetric concentration of all the remaining oxides of 
nitrogen on the surface of the earth is of the order of 10-* [11]. The role 
of oxides of nitrogen (especially NO) is augmented in the upper atmosphere. 

_As a result of the small ionization potential these oxides exert an influence 
on ionospheric processes. 


4, ATMOSPHERIC AEROSOL 


- In meteorology the name “aerosol” is given to particles of solid or 
liquid substances of radii from 10 A to 20 u suspended in air. Aerosol 
is one of the optically most active, though least studied components of the 
atmosphere. It is present at practically all altitudes; moreover, the cal- 
culated concentration and measurements of the sizes of aerosol particles 
change. with altitude in a complex manner. 

In atmospheric optics it is most important to know the concentration 
and distribution of particles with radius r>0.2 » known as large or 
gigantic aerosol particles. It should be observed that particles of this 
size participate in the cloud-forming processes. Particles with 7<0.1 p 
(Aitken’s nuclei and large ions) are comparatively less ‘active optically 
and are of greatest interest in the investigation of electrical properties 
of the lower atmosphere. 


4.1 Experimental investigation of vertical 
distribution of atmospheric aerosol 


The available experimental data on the vertical distribution of 
atmospheric aerosol can be divided into three groups, according to the 
different methods of measurements: . 

(1) measurement of vertical profile of bulk attenuation coefficient 

of aerosol radiation or optical thickness of aerosol; 

(2) measurement of radiation scattered in abcacuis aerosol ; 

- and -. 2 Bin, be ae} : = 

(3) measurement of parsele concentration at different alates: 

The most complete data on the vertical profile of the attenuation © 
coefficient of radiation in aerosol are obtained with the help of projection 
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probing (particularly, laser) and the twilight method. A considerably 
smaller amount of analogous data has been obtained with the help of 
spectral probing of the atmosphere from aeroplanes, balloons and artificial 
satellites. 

A sufficiently complete survey of measurements of this nature is 
contained in [4, 10, [1]. One can draw the following conclusions from 
the available experimental data on optical probing: . 

(a) it is always possible to have a layer of increased attenuation of 
aerosol at altitudes close to 20 km; volume coefficient of absorption of 
aerosol in this- layer approaches 0.02 km-'; 

(b) the aerosol layer below the tropopause is not always observable 
at altitudes between 9 and 11 km, especially in daytime; 

(c) there occurs a change in the nature of the vertical behavior of . 
aerosol attenuation in the troposphere above 5 km, in which case a layer of 
cloudiness can be observed at the altitude of 6 km; 

(d) there exists a layer of increased aerosol attenuation in the region 
of mesopause (near 80 km); 

(e) there is a possibility of formation of aerosol layers at altitudes 
between 23 and 80 km but the data on altitudes of these layers are very 
scanty ; 

(f) there exist aerosol layers above 80 km, which can be determined 
from scattered or emitted radiation; 

(g) the layers at altitudes above 10 km probably exhibit fine structure 
in the vertical direction and can be. distinguished by a significant spreading 
and uniformity in the horizontal plane; and 

(h) there exist layers of aerosol attenuation with temperature 
inversion and isothermal layers. 

The data on measurements carried out by different authors demonstra- 
ting the existence of aerosol layers are presented in Table 1.8. 

The estimated concentration of large aerosol particles withr > 0.1 p 
was measured with the help of photoelectric counters, filters of impactors 
and airplane traps [4, 10, 11]. On the basis of these experiments it is possible 
to draw the following important conclusions: 

(a) layers of increased concentration of large aerosol particles — 
have been observed which coincide with layers of reduced ionic 
concentration; 

 (b) there exists a zone of increased concentration of large aerosol 
particles at altitudes of 17-23 km (Young’s layer); probably there exists a 
layer below the tropopause; 

(c) the aerosol layers up to an altitude of 7-8 km are unstable and 
may be formed under specific meteorological conditions (advection of 
contaminated air masses, convectional lifting of aerosol on the surface of 
the earth). 
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As regards Aitken’s nuclei, it may be observed that their estimated 
concentration changes with altitude rather smoothly; moreover, the 
vertical profile of concentration depends on the underlying surface and 
meteorological conditions. The rate of fall in the concentration of nuclear 
condensation decreases at altitudes approaching 12 km. The suggestion 
‘by Young about the absence of a layer of Aitken’s nuclei between 17 and 
23 km does not find sufficient support. 

The results of microphysical measurements on the concentration of 


aerosol obtained from different invéstigations have been presented in 
Table 1.9. 


4.2 Size distribution of atmospheric 
aerosol particles : 


Aerosol particles of widely different sizes are present in the atmos- 
phere, i.e. from particles having the dimension of about 10 A, representing 
a group of atoms or molecules, to the gigantic aerosol particles of the size 
of several microns. The equilibrium distribution of aerosol particles exists 
according to their dimensions, which may be determined by the equilibrium 
of their production and loss. The minutest particle may appear under the 
influence of ionization radiations on the molecules of air and disappear when 
coagulation occurs between these and the largest particles. The largest 
particles separate out under the action of gravitational force. A stability 
of the size distribution of atmospheric aerosol particles under specific 
meteorological conditions and a rapid restoration of such a distribution 
at the end of the perturbation to the normal state of the atmosphere have 
been repeatedly observed. 

The distribution of aerosol particles with r > 0.1 “is described very 
well in the troposphere by the following exponential law, viz. 


N()= >> (1.9) 


where 2.5 < 6 <5. 


This law is not obeyed for an increased concentration of atmospheric 
aerosol and atmospheric humidity. In strongly contaminated industrial 
regions a bimodal distribution may be observed, whereas the highly 
scattered fraction possesses a normal, logarithmic, or gamma-distribution. 
The existence of multi-distribution of aerosol in the layer above the surface 
of the-earth can be explained in this manner. It should be noticed that 
Young’s distribution (1.9) can be satisfied for particles in the range 
0.1-0.2 p< r-< 2p. 

The spectrum of aerosol particles changes with the altitude. The 
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experimental data available.for the troposphere (Fig. 1.11) are extremely 
contradictory. Probably a change in the spectrum of aerosol occurs in 
the lower stratosphere (Young’s layer) along with an increase in the amount 
of highly scattered aerosol. Above Young’s layers a decrease in the portion 
of highly scattered aerosol can again be observed, where the index f is 
between 4 and 5. Such a distribution was observed in rocket samples 
taken in the region of noctilucent clouds. 
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Fig. 1.11. Size distribution of aerosol at different altitudes 
(after Fenn) [4]. 


4.3 Sources of aerosol and mechanism of 
distribution in the atmosphere 


To solve the problem of vertical distribution of aerosol in the atmos- 
phere one needs to know only the sources of aerosol and the procésses 
which regulate its distribution in the atmosphere. 

The following gives the chief sources of aerosol in the atmosphere: 
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(1) cosmic dust and. products of meteorite combustion; _ 

(2) volcanic dust thrown out into the lower stratosphere during 

eruption; 

(3) aerosol of photochemical origin; 

(4) aerosol of natural, terrestrial and marine origin; and 

(5) aerosol of artificial origin (industrial dust, products of combustion). 

The first two sources contribute only in the stratosphere and, perhaps, 
in the upper troposphere, the last two only in the troposphere. The funda- 
mental processes for the distribution of aerosol in the atmosphere are as 
follows: 

(1) turbulent diffusion of aerosol particles; 

(2) precipitation of aerosol particles; 

(3) coagulation; - 

(4) condensation of water vapor on aerosol particles; 

(5) convection current of aerosol; and 

(6) washing out of aerosol. 

The equation describing the distribution of atmospheric aerosol has 
not been formally solved. However, the problem can be simplified by 
dividing the atmosphere into regions, in which the action of several modes 
of distribution such as the following can be ignored : 

~ (1) region in which cosmic dust decelerated (200-100 km); 

(2). region of possible condensation of water vapor on particles of 
cosmic origin (100-75 km); 

(3) region of sufficiently rapid settling of particles (75-30 km); 

(4) region of possible condensation of water vapor on particles of 
cosmic, volcanic, and photochemical origin, advective transfer 
of aerosol in polar region (30-15 km) ; during prolonged occurrence 
of particles in the lower part of the zone a coagulated growth 
of particles is possible; 

(5) region of diffusive washing of particles (15-9 km); 

(6) region of washing of particles by condensation and convectional 
loss of particles of terrestrial origin between 9-5 km; and’ 

(7) below 5 km the distribution of aerosol determines convection, 
condensation, coagulation, and ‘terrestrial sources. 


4.4 Aerosol models 
The patterns of vertical distribution of atmospheric aerosol have not 
been established to date because of the numerous factors which determine 
--the distribution of-aerosol-in the:atmosphere. The -proposed aerosol -model 
of Elterman (1964) [23] attributes no significance to the estimated concentra- 
tion and volume coefficient of aerosol attenuation of radiation for altitudes 
above 10 km. The deviation in the aerosol density between Elterman’s 
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Table 1.10 Vertical distribution of aerosol in atmosphere [4] 


-Particle concentration, V cm—® a km-! (,=5000 A) 
Aitken’s nuclei 2r>0.[p amin day 
2x 108 1.510? = 0.12 
3x 10° 80 _— 6x 10-* 
1x 105 27 _— 3 
5x 10° 20 _— 1.8 
3 15 _ 7x 10-3 
3 3.1 _— 3 
2.5 2.1 _— 5 
2.5 1.2 _ 1.2 
. 2.5 1.0 _ 1.0 
2.3 2.6 1.1 x 190-2 2.0 
2,0 0.6 2x 10-5 Ll 
1.2 0.18 1.9° 9.5 x 10-4 
7x 103 0.15 . 2.0 8.5 - 
2 0.15 2.1 7.5 
| 0.20 3.2 7.5 
8x 10° 0.27 - 5.1 1.05 
3 0.3 0.1 1.35 
1 0.35 6.6 2x 10-8 
8x 10-1 0.45 7.4 2 
7 0.42 73 1 
7 0.4 7.0 * 4.5% 10-4 
6.5 0.12 6.7 1.3x 10-5 
6 2.2 10-1 6.4 2.5x 10-4 
6 4.5 4.6 5.0 
6 4.5 2.8 5.0 
0.5 2.0 x 10-1 2.3 x 10-5" 4.0x 10-5 
0.4 4x 10-? 2.0 4.0 
0.3 3.6 1.8 4.0 
0.3 3.6 1.7 4.0 
0.3 . 3.6 1.6 4.0 
0 5.0x 10-1 1.0 x 10-8 5.5 
= 1.0 0 1.2x 10-4 
_ 6.8 x I0-* 0 7.8 x 10-* 
_ 5.4 0 6.0 
—_ 5.4 _ 6.0 
_ 3.6 _— 4.0 
_ 2.2 _ 2.5 
—_ 1.8 —_ 2.0 
— 2.2x 10-$ _ 2.5 
—_— 4.5x 10-4 —_— 5.0 x 10-8 
_ 2.4 _ 2.7 
— 7.2 x 10-9 _ 8x 10-? 
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model (obtained primarily on the basis of Young’s experimental data) and 
the mean experimental values of optical measurements takes two forms. 
A review of the majority of data presently available permits us to obtain 
what is in our opinion the most characteristic vertical profiles of atmospheric 
aerosol. These profiles are represented in Table 1.10 and in Fig. 1.12. 
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Fig. 1.12. Vertical profile of concentration of aerosol (of large nuclei Ve 
and Aitken’s nuclei V4) and coefficient of attenuation (4]. 


It should be noticed that Elterman constructed a model based on 
the distribution of aerosol particles (Young’s distribution) with ®=4. 
However, optical measurements of the coefficient of aerosol attenuation 
at altitudes greater than 6-8 km show almost neutral behavior of the 
coefficient of attenuation of radiation over the spectrum in the region of 
long waves, i.e. 0.4-1 u, and this signifies that either in Young’s distri- 
bution 8=3, or that. the size distribution of particles possesses a more 
complex nature. 
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OPTICAL CHARACTERISTICS 
« OF THE ATMOSPHERE 


The density and flux of the radiation, characterisitic quantities for 
the radiation field in atmospheric physics and astrophysics, are denoted 
by 4. and Fy, respectively (in photometry, intensity and luminosity are 
denoted by By and Ey respectively). When. radiation is propagated in 

_a medium, particularly in the atmosphere, it interacts with the medium. 
The coefficients of absorption and scattering and the scattering function 
are employed to describe the interaction process. The following processes 
can be distinguished : (1) volume coefficient of absorption (scattering) 
ky, a, which are computed in units of length through unit cross-section; 
(2) bulk coefficient of absorption (scattering) k(m), «(m), calculated in 
units in mass of the substance in a column of unit cross-section; (3) coefficient 
of absorption (scattering), referring to | cm of atmosphere or distinct com- 
ponent, considered at NTP; (4) molecular coefficient of absorption (scattering), 
relative to the number of molecules in a unit volume, sometimes this is 
called transverse cross-section of molecules and is denoted by &v (y). 

Table 2.1 shows the dimensions and the conversion factors for the 
attenuation coefficients. .The sum of the. coefficients of absorption and’ 
“scattering is sometimes called the attenuation coefficient. 
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Table 2.1 Dimensions and conversion factors for attenuation coefficients [5] 


Volume coefficient Bulk coefficient Molecular coefficient 
of absorption of absortion of absorption 
ky cm-? ky (m) gm? cm? ky (a) cm? 
ky 1 2) nt 
ky (m) p 1 m 
ky (nu) 7 m-* 1 


REMARKS: p—density of absorbed gas (g/cm) ; 
n—number of molecules in a unit volume (cm-°) ; 


m—miass of molecules in grams. 


The scattering function x(y), which denotes the fraction of the 
radiation scattered at some angle from the incident ray, is a dimensionless 
quantity. 


1. COEFFICIENT OF ABSORPTION OF ATMOSPHERIC 
"GASES IN THE VISIBLE AND ULTRAVIOLET - 
REGIONS OF SPECTRUM 


Absorption spectra of gases in ultraviolet (UV), visible and infrared 
(IR) regions considerably differ from one another depending on their 
nature. -Simrlarly the methods for the calculation of the amount of 
absorption also vary. In most cases it is possible to apply Bouguer’s law 
for the computation of absorption in the UV and visible regions. Bouguer’s 
law can be stated as follows : : 


, Ih=Ipye*™ (2.1) 

where Joy —-intensity of radiation incident on the absorptive medium, 
I, — intensity of radiation passing through the absorbing medium, 
u = —amount of absorbed gas in the path of the ray (dimension 


depends on‘selected absorption coefficient). 

However, the computation of absorption in the IR region is more complex. 
It is therefore advisable to examine these regions of the spectrum separately. 
For the determination of the amount of absorption from the formula 

(2.1) the knowledge of ky or Ay(u) for different wavelengths _ suffices. _ 
“Thus the values fy for different gasses ‘will be introduced as their optical 
characteristics. Since it is necessary to know the ionization coefficient 
for the solution of many problems relating to the physics of upper atmosphere, 
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the value 4; or the magnitudes of ionization efficiency C=k,/k(u) will 
also be given. It should. be noticed that the application of formula (2.1) 
for the computation of absorption is not entirely justified, since the spectrum 
possesses sharply expressed fine structure in many cases. All values of k 
were obtained on the basis of formula (2.1), so that the results of various 
researchers do not agree since the measurements are carried out with the 
help of an apparatus having different resolving power. 


1.1 Oxygen O, 

85, is the ground state of the molecule. The O, spectrum starts from 
2600 A in the ultraviolet region. A weak Hertzberg’s continuum appears 
below 2420 A, on account of dissociation of the molecule into O18 (8P) + 
© (8P) with molecular absorption coefficient of the order of 10~23- 
10-24 cm?. 

Spectral range 2000-1750 A. The Schumann-Runge’s band lies in 
this region, brought about by the transition *2j-%>;. Absorption 
coefficient is given in Fig. 2.1 [48]. 


k cm! 


Wha 


AAA 3.0 


Fig. 2.1. Absorption coefficient of O,. 
I—from [48], 2—from [10]. 


Spectral range 1750-1250 A. The Schumann-Runge’s continuum 
resulting from photoionization of O, lies in the region is given by the 
following expression : 
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> re OL (9P) +0 (D). 

The upper boundary of the continuum, determined from the convergence 

- of the Schumann-Runge band, is sometimes assumed to be equal to 
1759 A [32]. The values of the absorption coefficient, taken from [32, 40], 
are presented in Table 2.2. The last column in Table 2.2 gives the values 
of mean square errors taken from [32]. A comparison between the results 
of [32] and [40] shows that probably these errors are considerably higher. 
The values of the mean square errors, obtained in [40], with an accuracy 
between 1 to 5% coincide with the results of Watanabe [10]. 


Table 2.2 Absorption coefficient of O, under normal conditions (em-}) and 
coefficient of molecular absorption (cm?) of Schumann-Runge continuum (32, 40} 


. - - 
i x 3 7 * = 
od § Z £ | c« 5 z g 
< we se a «< se se (3) 
1272 1.4 0.05 36 1610" 114 4.2 8 
1287 13.0 0.48 30 1613 3.82 
1295 12.7 0.47 28 1623.5 3.28 
1300 10.9 0.41 23 1625 100 3.7 6 
-1310 11.0 0:41 13 1633.5 2.78 
- 1317 19,7 0.73 18 | 1640 68.9 2.6 
1325 32.0 1.2 14 1644 2.33 
1332 35.1 2.1 12 1654 1.96 
1340 53.4 2.0 11 1655 56.5 
1347 83.6 3.1 5 1663 1.67 2.1 12 
1355 181 6.7 4 |-1670- 41.6 1.55 10 
1367 213 79 4 1671 1.44 
1370 186 6.9 _— 1682 1.18 
1377 335 12.5 6 1685 35.1 : 1.3 9 
1385 309 11.5 1 1689 1.02° 
1400 329 12.2 1 1700 25.9 0.96 13° 
1415 339 12.6 1 1702 0.790 13 
1430 366 13.6 5 1712 0.639 
1445 382 . 14.2 5. 1715 14.5 a 0.54 5 
1457. —--:« 368 13.7 _8 1722 0.510 
1475 324 12.1 2 1730 10.6 0.39 “43 
1490 312 11.6 2 1732 0.403 
1505 310 11.5 5 1742 0.321 
1520 261 9.7 4 1745 6.5 ‘ 0.24 13 
1535 257 9.6 8 1750 0.240: 
1565 190 7.1 ] 1755 0.110 
~ 7580 ° 170° 6:3 cee oa “1760 - 0:057 
1591 5.05 1770 0.015 


1595 138 5.1 10 1780 


0.004 
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Spectral range 1250-1050 A. The observable.spectrum in this region 
has not been thoroughly analyzed. Probably a major portion of the 
strongest spectral lines are members of Rydberg’s series which converge 
toward the first ionization potential at 12.063--0.001 eV (1027.8-+-0.1 A) 
[32]. The values of absorption coefficient corresponding to the minimum 
in seven deep. windows can be found in Table 2.3. The L emission occurs 
at A=1215.7 A, when the absorption coefficient, according to various 
researchers, lies-in the range 1 x 10-2°-8.5 x 10-1 cm’. 


Table 2.3 Absorption coefficient of O, in seven windows of spectrum [10]. 


Photoelectric method Photographic method 
x A kom" r.A : k cm7! 
1217.3 ~ 0.60 -< 1217.2 0.55 
1216.5 0.40 1216.2 0.43 
1215.7* 0.27 1215.7 0.23 
- 1215.0 0.50 "4215.0 0.64 
1214.8 0.70 1214.6 0.40 
1188.9 0.64 1188.8 0.48 
1188.3 0.39 1188.6 0.38 
1187.8 0.25 - 1187.5 0.43 
1187.1 * 0.18 1187.0 0.35 
1186.6 0.35 1186.6 0.38. 
1167.2 0.35 1167.3 0.30 
- 1166.8 * 0.27 1167.0 0.28 
1166.1 0.52 1166.3 0.55 
1157.4 - -0.60 1157.5 0.50 
1157.0 * 0.51 = _ 
1145.3 0.70 1145.2 0.56 
1144.3 0.65 1143.8 0.30 
1143.0 0.33 1143.07 ~ - 0.43 
1142.8 * 0.26 _ — 
1126.9 * 0.53 _— _ 
1110.5 0.48 1110.2 0.31 
1109.9 0.35 1110.0 0.43 
1108:9 0:25 1109.2 0.32 
1108.3 * 0.11 1108.5 0.44 
1107.8 0.32 — _ 


Nore: Asterisk (*) denotes approximate position of minimum absorption.. 


Spectral range below 1050-A. The absorption spectrum in .this region 
consists of bands superimposed on the continuum. For A<700 4. only a 
continuum may be observed. Many of the. bands are fairly wide and in 
these the. absorption coefficient does not depend on pressure. : 
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Hopfield’s bands are found in the region 1000-680 A, some of which 
refer to vibrational series, while others belong to Rydberg’s series, converging 
to the higher electronic states of ions O,*. The dissociation process occurs 
in this region. 

The spectrum possesses a complex structure from 860 to 770 A, 
probably caused by the overlapping of higher electronic states of O, over the 
fundamental state of ions O,+ (X?II,). 

A small continuum below 740-A is brought about either by ionization 
of O,*(A2I1), or by the dissociative ionization process. Bands situated 
below 736.8 A may be looked upon. as members of Rydberg’s series converg- 
ing toward (0-0), (1-0) and (2-0) vibrational levels O,~ (642,7) [(4th 
ionization potential at 18.17 eV (682.3 A)]. The absorption spectrum 
in the given spectral region can be represented in the form of five groups 
of bands and five continuums. 

The groups of bands’ are as follows : (1) up to 850 A, (2) 850-770 A, 
(3), 770-740 A, (4) 740-683 A, and (5) 683-580 A. 

The continuums are as follows : (1) intercepted near 842.2 'A, where 
the absorption coefficient is a maximum, k=350 cm-!; (2) around 809.5 A, 
k=300 cm-!; (3) around 760 A, £=575 cm-? ; (4) around 724.8A, k=740 
cm-!; (5) around 635 A, without bands. 

Coefficients of absorption and ionization are given in [25]. The 
values of absorption coefficient for the principal lines of solar radiation 
are of special interest and are given in Table 2.4 [47]. Besides those cases 
which have already been mentioned, the error in measurements amounts 
to 5%. ° 

There is a 15% error in the determination of the absorption coefficient 
in the region 650-900 A, and 20% outside; there is a spectral resolution 
of 0.5 A. 

. Molecular absorption coefficient of the Le emission (A=1025.7 A) 
according to [47] equals 1.82 10-18 cm?, and according to [10] and [52] 
corresponds to 1.55 x 10-18 cm? and 1.59 x 10-78 cm?. 


1.2 Molecular nitrogen N, 


Ground state of the molecules is N,X°Z,*- The ultraviolet region 
of the absorption spectrum begins from 1450 A (band 0-0), belonging to 
the series of Lyman-Birge-Hopfield bands. Since the spectrum consists 
chiefly of sharp bands, the available data for N, are less reliable than that 
for O,, so that spectral equipment of ac desolunont is mequired for measure- 
ment: of nitrogen. 

Spectral range 3000-1450. a: “Abeoradon is practically ni 

. Spectral range 1450-1000 A [10]. Absorption spectrum consists 
mainly of Lyman-Birge-Hopfield bands. These narrow bands can be 
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Table 2.4 Molecular absorption coefficient .4(#) and effective ionization 
_efficiency C of O, in the principal lines. of solar spectrum [47] 


E 5 7 
rA a Sa eS 
x x ; a ie 
g = z 
2 ae. ate - 
303.781 16.6¢ 100 | 617.033 _— — 790.103. — — 
j 24.4 97 27.7 37 
429.918 O11 - — — | 617.051 790.203  — = 
430.041 OII 17.81 100 | 624.617 25.3 ° 93 832.754 — — 
430.177 eae — | 625.130 24.6 96 -| 832.927 -26.3! 38 
434.975 20.9 100 | 625.852 30:3° 96 | 833.326 — _ 
498.491 23.0 100 | 629.732 30.0 97 833.742 13.0! 39 
507.391 — — | 684.896 26.4 100. 834.462 10.6! . 38 
23.1 97 —- = _ — — OU 
507.683 — — | 685.513 — —. 835.096 — " — 
: 18.4 100 : : 
508.182 23.7 97 | 685.816 835.292 9.93 37° 
519.610 25.2 -100 | 686.335 22.1 100 904 . 10.6 
522.208 20.9 99 | 702.3 24.2 921.982 5.50 79 
525.795 24.5 97 | 703.8 32.0 _-| 922.507 6.36 84 
537.027 21.2 98 |-758.677 18.3 57 923.045 A 
- to - 10.1 88 
553.328 26.2 93' | 759.440 17.2 - 53 | 923.211 
554.074 25.5 97 | 760.229 44. 49 923.669 9.15 90° 
554.514 26.4 97 | 760.445 : 924.274 17.8 83 
555.262 26.0 97 | 761.130 20.3 51 .930:7 © 27.1 
584.331 23.2 98 |- 762.001 20.3 50 937.8 5.02 
599.598 28.4 97 | 764.357 17.8 60 | 972.537 32.0 83 
608.395 24.1 94 | 765.140. 22.9 (54. | 977.026 3.98. 
609.705 , 770.4 22.1 : 989.790 1.38 69 
609.829 26.6 94 | 774.522 14.2 63 | 991.514 | | 
1.75 69 
610.043 . 779.821 991.573 
: 27.3 33 os 
610.746 779.905 ‘|.1025.722 1.52 64: 
28.4° 96 aN : ae : 
610.850 780.3 31.407 1031.912 °° 1.04 1? 
616.933 24.4 97 | 787.710 24.0 54 | 1037613 0.78 “O71? 
1Error+ 10%. 
*Error+50%. i 


?O1|—absorption coefficient of ionie oxygen o,**... 
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identified by electronic transition down to 0-14 for 1114.2A, butatA< 11234 
they overlap Tanaka’s bands. The data on absorption coefficients are 
semiquantitative as they have been obtained with the help of an apparatus 
possessing low resolution. The strongest Lyman-Birge-Hopfield bands 
at the maximum have k(z)-=~10-29 cm?; the other bands, /()= 10-24 cm?. 
At the maximum of the bands k(u)=6x10-?8-3x10-" cm?; for 
-N, in Ly line (A=1215.6 A), A(u)=6X10-3 cm? and in Lg line 
(A=1025.7 A), &(u)=1.1 x 10-9-3.7x 10-*2 cm?. Dissociation conti- 
nuum in the case of N, does not exist. However, nitrogen atoms can appear 
as a result of dissociative recombination of ions of molecular nitrogen with 
electrons on account of neutral ionic reaction, as well as of dissociation of 
N, (1150-1250 A). 

Spectral range 1000-600 A. In this region the spectrum consists of a 
multitude of narrow absorption bands, situated close to one another and 
disappearing near 750 A, highly ionized Hopfield bands, Rydberg’s series 
near 670 A and a smooth ionization continuum in the region of shorter 
wavelengths. A strong ionization continuum is superimposed on the bands 
for A<820 A, which decreases rapidly with the increase of wavelength. 
Nitrogen fluoresces strongly under the influence of the incident radiation 
with A=661 A. Absorption bands in.the region 1050-820 A belong to 
the vibration series, denoted by Worli thus :—i, j, k, l, m,n, 0, p, g, h, 1, 5, t, 
and #. -In addition there are eight Worli-Jenkins bands in Rydberg’s 
series converging toward the ground state of the N,+(X?JI,,) ions for 
‘796 A. Several members of Rydberg’s series may also be observed, con- 
verging to the first four vibrational levels N,+(A2I,) for lines correspond- 
ing to wavelengths 742.7; 732.1; 722.4 and 703.9 A, which were first 
observed by Worli, Ogava and Tanaka. , . 
In the region 725-650 A five Hopfield lines of the Rydberg’s series 
may. be observed. Thus:—N,(X12,+t)—>N,+(B*2Z,+). A distinct 
continuum may be observed in the region of wavelength below 650 A. 
The spectrum determined by photoionization shows that ions appear 
for A=795.8 A, while forming a band starting from A=795 A. As a 
result of dissociation of N, into atoms of N, situated mainly in the excited 
state, a weak continuum appears in the region 1050-800 A. The first 
strong continuum appears at A=831.5 A, the absorption coefficient equals 
8.1 cm—!, and at A=752 A it reaches the value 421 cm-!. The maximum 
value of absorption coefficient of the second contiriuum equals 620 cm- for 
A=715.3 A, and the third—780 cm-! for A=620 A. 

’ In the region of wavelengths 907; 856.7 and 843.5 A a weak continuum 
with absorption coefficients 16.6, 41 and 30 cm—! may be observed. . They 
are overlapped by strong absorption bands. Probably. a continuum 
exists for A=970 A with k=5cm-!. The values of-absorption coefficients 
are given in [25]. The results obtained in [38] cannot be derived. In 
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spite of the high accuracy of the.computations in [25] and [38] (10-15%), 

the maximum and minimum absorption coefficients differ considerably 

according to the data in these references: The requirement for sufficiently 

reliable data demands the use of an apparatus with a very. high resolving 

power. 

Table 2.5 Coefficients of molecular absorption and ionization efficiency of N, in 
the principal lines of solar spectrum [47]. 


Error of. + 5% in measurements 


5 5 5 
de 7 i ; 
nA 2 t% | »A 2 Re | RA | OS Cle 
x x x: 
2 z z 
a2 4 ae 
303.781 12.12 100 23.7 98 22.7 45 
429.918 ? 617.051 790.203 
430.041 624.617 24.0 97 832.754 - 
21.0! 100 | 625.130 23.9 97 832.927 0 
430.177 625.852 24.0 98 833.326 
434.975 23.7. 100 | 629.732 24.2 97 833.742 0 
498.491 24.2 100 | 684.996 24.3 95 834.462 1) 
507.391 } 685.513 835.096, 
24.3 100 24.9 95 
507.683 685.816 835.292 0 
508. 182 22.2 100 | 686.335 24.1 95 904 
519.610 25.8 98 | 702.3 25.6 921.982 0 
522 .208 23.6 97 | 703.8 25.6 922.507 6.3 0 
525.795 26.2 98 | 758.677 23.9. 75. 923.045 ‘0 
537.024 25.2 97 | 759.440 _11.6 86 923.211 0 
553.328 24.9 96 | 760.229 923.669 0 
554.074 25.3 93 19.8 57 924.274 0 
554.514 24.6 93 | 760.445 930.7 4.8 
555.262 24.8° 95 | 761.130 40.1 55 937.8 10.4 
584.331 23.1 100 -}.762.001 27.8 -46 -| 949.7 5.2 
597.818 23.4 97 | 763.340 27.3 80 | 972.537 °0 
599 598 23.4 95 | 764.357 13.5% 69 977.026 0.082. 0. 
608 .395 23.4 100 | 765.140 85.4 77 989.790 0.167 0 
609.705 77074 15.3 991.514 - 
609 .829 23.7. 100 | 774.522 34.0 40 0.074 0 
610.043 779.821 991.570 
610.746 a . 12.8 65 1025.722 0.010 0 
23.3 99 | 779.905 . 1031.912 0.00074 0 
610.850 780.3 18.6 1037.613 0.00074 0 
616.933 23.7 98 | 787.710 24.0 54 


617.033 790.103 


1Error+ 10%. 
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Table 2.5 represents absorption and ionization coefficients for the 
principal lines of solar radiation in the region 1040-300 A [52]. 


‘1.3 Nitric oxide NO 


The ground state of the molecule of NO is X*II. The dissociation 
energy is 6.49 eV. The first ionization potential is 9.25 eV (A=1340 A). 
As the spectrum of NO has a complex structure, it has been examined less 
than the spectrum of N, and O,, even though there is a sufficiently large 
number of measurements [10]. A detailed analysis of the spectrum has 


been carried out in [10]. 
Spectral yange 2300-1500 A. The data are semiquantitative. More 
accurate data are given in Fig. 2.2 [48] in the region 2300-1850 A. 


k cm} 
102 


Vanek 
oN A Ee Lh 
CE 


1850 1900 1950 2000 2050 2100 2150 2200. 2250 2A 


Fig. 2.2. Absorption coefficient of NO [48]. 


Spectral range 1500-1050 A. The data on absorption and ionization 
coefficients are given in [51]. The magnitude of molecular ionization 
coefficient *; in. the region of line Ze (A=1216 A) had important signi- 
ficance for the theory of formation of the layer D. From [10] it is found 
that in this regoin 4;=2.02 x 10-18 cm?. 

Spectral range 1000-200 A. Absorption and photoionization coefficients 
in the region of the spectrum 1350-580 A obtained. recently are given 
in [51]. 


14 Ozone O, 


The ionization potential is 12.8 eV. Many researchers have studied 
the absorption spectrum of ozone in the visible and ultraviolet regions.. 

Spectral range 7400-3400 A. -Chappuis bands are situated in this 
spectral region. The cross section of molecular absorption has a maximum 
value of 5x 10-21 cm?. The values of the absorption cross section are 
given in Fig. 2.3 [6]. In the region of the spectrum between 4500 and 
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3400 A the absorption cross section is very small and a long optical path is 
necessary in order to obtain a measurable value of absorption. 


k cm2 102! 
ieee 


~ 5000 6000 7000 AA 


Fig. 2.3. Molecular absorption cross section of ozone in Chappuis 
band at 18°C, after Vigroux [6]. 


Spectral range 3400-2400 A. Hartley bands with maximum absorption 
coefficient of 1.08x 10-17 cm? at A=2553 A are situated in this region. 
Hartley bands consist of a large number of weak bands, with a separation 
of the order of 10 A between them, overlapping a very weak continuum. 
The structure is most clearly expressed in the long wavelength part of 
Hartley bands (Huggins’ bands) in the region between 3400 and 3100 A. 
Absorption in Huggins’ bands depends on temperature, not on pressure. 
Table 2.6 [49] gives the absorption coefficient for the region 3400-3100 A. 
There is a weaker dependence on temperature in the region of the 
spectrum 3000-2400 4. Table 2.7 gives the values of absorption 
coefficient obtained with high accuracy in [35]. They are in agreement 
with the data in [41]. ~ 

Spectral range 2200-1050 &. Obviously there exists uninterrupted 
absorption in this region. It is possible to isolate several diffusion bands 
in the region of wavelength less than 1500 A which are probably members 
of Rydberg’s series. The cross sections of molecular absorption are given 
in Fig. 2.4[10]. In the region of Le line k(u)=2.4 x 10-1? cm’. 


1.5 Water vapor H,O 


Measurement of absorption coefficients of water vapor were carried 
out by several researchers [10]. However, the data obtained by different 
authors differ. The chief source of discrepancy caused by its absorption 
along the walls of the cell probably lies in the i inaccuracy of the determination 
of the amount of water vapor.- 
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Table 2.6 Absorption coefficient of ozone in spectral region 3421-3037 A [49]. 


r.A kem-? r.A bem | »~A  kem | »~A ker 
3037.0 2.76 3107.2 1.01 3242.0 0.162 | 3319.2 0.0549 
3042.3 2.56 3109.5 1.04 3245.0 0.152 | 3321.2 0.0424 
3043.6 2.49 3110.3 1.00 3248.0 0.224 | 3322.2 0.0456 
3044.9 2.435 | 3112.0 3253.0 0.171 | 3324.3. 0.0369 
3046.2 2.37 3113.0 1.03 3255.0 0.185 | 3325.0 0.0410 
3048.9 2.21 3119.7 0.858 | 3256.3 0.136 | 3328.0 0.0350 
3051.0 2.06 3120.4 0.881 | 3258.2 0.147 | 3332.0 0.0500 
3053.0 2.09 3121.2 0.818 | 3269.0 0.092 | 3334.0 0.0440 

3059.0 1.97 3121.7. 0.842 | 3272.0 0.121 | 3338.0 0.0770 
3061.0 2.01 3124.5 0.784 | 3275.0 0.106 |. 3345.0 0.0381 
3066.0 1.90 3130.0 3269.0 0.092 | 3372.0 
"3075.0 3167.0 0.450 | 3272.0 0.121 | 3377.4 0.0295 
3077.0 1.62 3170.0 0.490 | 3275.0 0.106 | 3378.0 0.0318 
0033.0 1.46 3173.0 0.450 | 3279.0 0.162 | 3382.4 0.0143 
9058.0 1.48 3176.0 0.500 | 3292.0 0.061 | 3384.6 0.0182 
0330.8 1.47 3177.7. 0.426 | 3295.0 0.066 | 3385.6 0.0168 
3893.0. 1.41 3178.4 0.443 | 3299.0 0.056 | 3388.6 0.0124 
8892.0 1.35 3181.8 0.359 | 3303.0 0.094 | 3391.0 0.0140 
5094.7 1.225 | 3182.3 0.377 | 3309.0 0.078 | 3395.0 0.0220 
3095.4 1.25 3185.0 0.334 | 3312.0 0.108 | 3398.0 0.0170 
3098.0 1.16 .| 3186.2 0.350 | 3303.0 0.0940] 3401.0 0.0280 
3100.0 3190.0 "3309.0 0.0780 | 3408.4 0.0120 
3104.5, 1.04 3226.0 0.293 | 3312.0 0.108 | 3417.0 0.0078 
3106.7 1.07 3239.0 0.140 | 3318.7 0.0530 | 3421.0 0.0090 


Table 2.7 Absorption coefficient of O, in ultraviolet region of spectrum [35] 


em a ET 


nA kem-} k(u) x 10. o™ 
2536.5 133.9 114.7 
2893.6 ee 14.7 
2967.3 6.969 5.971 
3021.5 3.340 2.860 
3341.5 0.0498 0.0427 


5769.6 0.0555 0.0476 


Spectral range 2000-1450 A. This region mainly consists of. a conti- 
nuum, starting around 2000 A and possessing a maximum around 1650 3.. 
The dependence.of molecular absorption coefficient on wavelength is given 
in Fig. 2.5 [48]. The results obtained in [48] are in close agreement 
‘with the earlier data obtained by Watanabe [10]. 
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Fig. 2.4. Cross section of molecular absorption of ozone ig the 
region of the spectrum 1050-2200 4 [10]. 


1600 1800 2000 1A 
Fig. 2.5, Absorption coefficient of H,O [48]. 
1—from [10]; 2—from [48]. 


Spectral range 1450-1050 A. The spectrum consists of. absorption 
bands, identified as members of the Rydberg series, superimposed on the 
continuum. The continuum stretches almost up toA=1150 A. Figs. 2.6 
and 2.7 [10] present molecular absorption coefficients in this region. The 
molecular absorption coefficient in the region of the line Za varies, according 
to the data of different authors, from 1.34 10-17 to 1.45 x 10-}7 cm?. 

Spectral range below 1050 A. Figs. 2.8 and 2.9 [10] present the 
dependence of coefficient on wavelength. 
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Fig. 2.6. Cross section of molecular absorption of water vapor 
in the region 1200-1850 4 [10). 
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Fig. 2.7. Gross section of molecular absorption coefficient of water vapor 
in the region of the spectrum from 1050 to 1250 A [10]. 
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Fig. 2.8. Cross section of molecular absorption of water vapor in the region 
of spectrum from 850 to 1100 A [10]. 
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Fig. 2.9 ’ Gross section of molecular absorption of water vapor in the region 
of spectrum from 150 to 1100 A [10]. 
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1.6 Remaining gases 


Absorption plays a minor role in the radiation processes in the . 
atmosphere in the visible and ultraviolet regions of the spectra of gases 
such as CO,, CO, N,O, NH, and others. Therefore the discussion is 
restricted to results for these gases in the region between 4000 and 18504. 
Absorption coefficients are given in Figs. 2.10-2.13 [48]. 
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Fig. 2.10. Absorption coefficient of CO,. 
1—from [48] ; 2—from the results of extrapolation ; 3—from [10]. 
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Fig. 2.11. Absorption coefficient of CO. 
1~from [48] ; 2—from [10] ; 3—from the results of extrapolation. 
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1600 - 1800 2000 2200 AA 


Fig. 2.12. Absorption coefficient of N,O. 
1—from [10] ; 2—from [48]. 
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Fig. 2.13. Absorption coefficient of NH, [48]. - 


62 Radiation.Characteristics 


2. OPTICAL CHARACTERISTICS OF ATMOSPHERIC GASES 
IN THE ULTRAVIOLET REGION OF THE SPECTRUM 


The absorption spectrum of molecules in the infrared and microwave 
regions, which is caused by vibrational and rotational transitions, consists 
of a very large number of spectral lines. For computations of absorption 
it is necessary to know the intensity S, halfwidth y and position of the 
center Vo of-spectral lines. Then the absorption function for the spectral 
interval Av is given by the following expression: 


\ n 
Aaj Isso —u Sib (v, vara |} ; (2.2) 


i=] 


where b (¥, ¥o, y)—contour of spectral line. 

Summation in the exponential is carried over all the lines which 
contribute toward absorption in the interval Av. 

In the absence of exhaustive material on S, y and vy, for the com- 
putation of absorption either the model of absorption bands or empirical 
functions based on experiments may be used. From [6, 12], it is known 
that for Elsasser’s model the absorption function has the following form: 


y 
A=sinh B | exp (—yeosh p) Jo (9): (2.3) 
0 
S u 2 
where Cac ae sinh B’ p=", 


d—average separation between lines; 
Jo(y )—Bessel’s function of zero order for a purely imaginary argument. 
In the limiting cases the following equations are used in place of (2.3) : 


' A=l—exp ea) yEl, (2.4) 
{1 ast 
A=© (+ J Suny, ) >, (2.5) 


where ®(x)= ae 


e-**dx is the errror integral. The absorption func- 


ou? s 
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tion for the statistical model has the form : 


en 
A=1—exp |-3 >* | 5 (2.6) 


i=l 
where A; =absorption of the i-th isolated line 
n =number of lines. 
If specific distribution of intensity of spectral lines is to be determined, 
then in place of (2.6) we have the following equation: 


tainor{ eae [0(4) (CF) 


for the case of Jines with equal intensity and 


sen | aioe rir} (2.8) 


for the case of exponential distribution of anitenaity of lines where x=Suld. 
At 7<! expressions (2.7) and (2.8) change into (2.4), atl 


the following is used instead of (2.7) : 


A=1—exp (— f=). (2.9) 


and in place of (2.8) we have 


A=1—exp Cie), (2.10) 


One can find absorption functions for other types of intensity distribution 
of lines in the literature [4]. However, here we do not introduce them. 
As arule, the parameters S/d ‘and ® in the above-mentioned expressions 
are determined experimentally. Formulas (2.3), (2.7) and (2.8) are valid 
only for narrow spectral intervals. 

An analytic expression for the absorption function is absent in the 
case of quasistatic model. 

_ The existing empirical formulas make i it possible to compute absorption 
for all absorption bands or narrow spectral segments. Often the empirical 
formulas of Howard, Birch and Williams are employed for the computation 
of absorption dependent upon the entire band; thus for the case of weak 
absorption —\ 


J Ay dv=cut peer, (2.11) 
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‘for the case of strong absorption 
[adv—ctp log u—K log perr , (2.12) 


where c, C, d, D, k, K, are constants, pett—effective pressure in mm of 
Hg, uw in cm of condensed H,O and in cm of atmosphere for GO,. 

In the narrow spectral intervals transmission is often defined according 
to a formula of the type given in [5], viz. 


P=1—A=exp [—B(v)u"ehd 5 (2.13) 


where m, n and @(v) are the experimentally determined parameters, 
Perr=fatBpap; fs—pressure of. extraneous gas. and fap—pressure of 
absorbent gas, and B—coefficient equal to 6 and 2 for H,O and CO, 
respectively. For H,O, wis taken in cm, for CO, in atm. cm, and for perr—in 
atmospheres. ' 


2.1 Water vapor 


There exists a large collection of material in which experimental data 
obtained with the help of statistical models for different spectral resolutions 
are given. However, the numerical values of the parameters entering into 
formulas (2.7) and (2.8) are generally not derived except in [29]. 


Table 2.8 Absorption bands of H,O for 1.87 & (m=0.53; n=0.80) [5] 


vem i) ycm-} 6 vy cm} ey vy cm7} B 
4950 0.040 5220 3.27. 5385 3.79 5550 1.17 
5000 0.110 5230 3.57 5390 3.73 5560 0.910 
5050 0.163 5240 3.35 | 5400 3.88 5570 0.661 
5055. 0.204 5250 3.84 |. 5408 4.04 5580 0.551 
5060 0.204 5255 4.04 5409 3,92 5590 0.388 
5070 0.204 5260 3.74 5420 3.88 |- 5600 0.388 
5080 0.319 |. 5270 3.00 5430 3.89 5610 0.359 
5090 0.323 5280 2.51 5440 4.57 5620 0.286 
5100 0.567 5290 2.62 5442 4.70. 5630 0.245 
5110 0.815 5300 2.39 5450 -. 4.45 5640 0.204 
5120 0.836 5305 2.37 5460 3.35 - 5650 0.114 
5130 1.02 5310, 2.52 5470 2.82 5660 0.130 
5140 1.30 5320 3.06 5480 2.37 5670 0.130 
5150 1.69 5330 4.29 5485 2.29 ‘5680 0.114 
5160 1.88 5340 5.81 5490 2.37 5690 0.098 
5170. 1.88 5350 5.23 5500 2.22 5700 0.0815 
5180°- * 2.08— 5360 3.53 > 5510" 1.98 | 5750 0.0408 
5190 2.40 5364 3.33 5520 1.81 

5200 ° 2.40 5370 3.35 5530 1.53 

5210 2.83 5380 3.73 7 5540 1.26 
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Table 2.9 Absorption bands of H,O for 2.7» (m=0.53 ;n=0.99) [5] 


3010 0.540 3245 1.330 3510 5.500 3830 22.800 
3015 -1.520 3250 0.430 3516 3.380 3840 14.500 
3022 0.295 3257 1.240 3523 9.600 3850 20.700 
3025 0.750 3260 0.905 3534 3.900 3854 16.100 
3027 0.750 3266 0.850 3537 4.400 3860 18.500 
3029 0.650 3269 0.656 3540 4.570 3862 18.700 
3032 1,950 3275 1.890 3545 10.300 3870 11.900 
3045 0.135 3282 1.050 3550 7.850 3872 11.800 
3053 0.863 3286 0.998 3556 6.280 3880 13.900 
3055 0.400 3288 0.655 3566 14.200 3882 12.700 
3060 1.180 3292 1.520 3574 7.800 3890 12.200 ° 
3062 0.730 3303 0.535 3580 8.400 3895 11.300 
3070 1.600 3310 1.605 3590 17.800 3900 14.400 
“3075 0.220 3320 0.580 3597 14.700 3910 4.340 
3082 1.660 3327 1.200 3600 16.600 3915 7.150 
3096 0.112 3330 0.595 3605 14.700 3920 ‘7.600 
3098 0.320 3337 1.100 3615 24.000 3923 7.300 
3105 2.000 3341 0.320 3620 18.200 3930 4.300 
3110 0.870 3352 1.310 3626 21.500 3935 4.500 
3120 2.000 3354 1.390 3635 10.900 3945 5.300 
3123 1.530 3360 2.120 3645 22.500 3951 3.350 
3128 1.610 3370 0.465 3650 21.000 3956 3.300 
3133 0.610 3380 1.360 3663 9.650 3960 1.140 
3138 1.000 3386 0.820 3673 21.800 3970 3.150 
3140 0.350 3390 1.380 3680 12.300 3975 1.660. 
3145 0.350 3400 1.200 3688 20.100 3980 1.450 
3150 0.175 3403 1.120 3695 11.900 3984 1.600 
3155 0.327 3408 0.508 3710 20.750 3988 1.450 
3160 0.078 3410 0.685 3715 17.150 3990 1.040 
3170 0.500 3418 2.450 3724 22.100 3997 0.833 
3175 0.305 3425 0.980 3729 21.300 4000 1.350 
3180 1.050 3430 1.300 3732 28.500 4005 1.323 ~ 
3185 = =0.610 3435 1.040 3740 30.000 4008 1.270 
3190 1.050 3442 2.580 3745 32.000 4010 1.230 
3193 0.490 3452 0.815 3750 28.500 4018 0.810 
3203 1.505 3463 2.360 3760 13.900 4027 0.440 
3207 0.345 3470 2.200 3765 14.750 4035 0.950 
3210 1.088 3474 2.900 3770 8.600 4040 0.290 
$212 2.088 3478 2.300 3773 8.500 4045 0.440 
3215 1.410 3482 4.130 3778 10.400 4052 0.187 
3220 1.300 3485 3.750 3788 7.700 4060 0.600 
3223 1.540 3490 3.630 3800 19.200 4065 0.620 
3225 0.765 3495 2.660 3810 12.100 4070 “0.480 
3230 1.370 3500 7.900 3815 22.000 4075 0.220 
3240 0.980 3507 5.700 3822 16.700 4080 0.153 
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vem B vem - 8 . vont 8 v cm-? 3 
4090 0.530 4125 0.177 4180 0.105 4240 0.053 
4092 0.610 4130 0.137 | 4182 0.100 4250 0.330 
4100 0.033 4140 0.083 | 4190 0.100 4260 0.050 
4107 0.143 4150 0.110 | 4200 0.093 4280 0.000 
4110 0.400 4160 0.145 | 4210 0.033 
4115 0.433 4167 0.150 | 4220 0.053 
4120 0.330. | 4170 0.145 4230 0.100 


Table 2.10 Absorption bands of H,O for 6.3 2 (m=0.5 ; n=0.86) [5] 


1210 0 1370 3.02 1540 -20.6 1785 6.22 
1220 0.43 1380 4.98 1550 :13.9 1795 6.86 
1225 0.14 1385 2.42 1555 17.45 1805 5.06 
1230 0.466 1390 4.34 1560 —«:16.8 1812 3.18 
1234 0.0703 | 1392 4.70 1568 9.75 1835 4.62 
1239 0.0703 | 1400 7.52 1573 9.0 1840 4.1 
1245 0.488 1402 5.06 1590 3.02 1850 3.5 
1252) 0.25 1410 2.87 1600 3.7 1860 2.42 
1255 0.179 1415 5.25 1612 6,22 1870 3.02 
1260 0.25 1420 7.98 1620 9.47 1880 1.83 
1265 0.90 1430 5.06 1630 8.46 1890 1.9 
1270 0.82 1435 6.74 16440 —-10.6 1908 1.77 
1274 2.20 1445 3.34 1655 15.5 1920 227, 
1280 0.98 1450 7.86 | 1660 15.0 1940 1.28 
1285 0.30 1456 «12.8 1670 9.2 1950 1.51 
1287 0.70 1460 «12.0 1680 13.5 1970 1.01 
1294 1.48 1468 7.53 1685 14.3 1985 0.62 
1300 0.44 1475 11.9 1692 14.1 2005 1.0 
1310 1,22 1480 8.46 1700 15.5 2020 0.674 
1318 2.94 1485 6.03 1715 11.6 2030 0.738 
1320 2.82 1490 8.45 1725 8.45 2050 0.446 
1325 0.745 1495 11.2 1740 «11.9 2070 0.33 
1330 2.72 1500 11.2 1750 «11.0 2080 0.347 
1335 5.06 1510 18.5 1760 9.0 2090 0.29 
1346) 1.15 1518 17.45 1762 8.2 2110 0.179 
1352 2.72 1525 20.9 1770 8.7 2114 0.105 
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Table 2.11 Absorption bands of H,O for 15-40 


vem! m n B vy em m n 6 
248 0.705 0.640 222 358 Q.607 0.599 37.6 
250.5 0.941 0.807 519 360 0.594 0.541 14.9 
252 0.591 0.635 93.7 362 1.002 0.294 19.8 
253.5 0.627 0.550 157 366 0.942 0.507 H1.1 
255 0.653 0.597 112 368 0.955 0.530 15.1 
257 0.804 0.704 110 371 0.523 0.500 12.4 
259 1.08 0.834 184 373 0.672 0.568 15.4 
261 1.09 0.870 138 376 0.455 0.455 16.1 
263 0.948 0.749 95.8 380 0.924 0.578 13.6 
265 0.705 0.613 57.4 386 0.510 0.498 12.6 
266.5 0.682 0.568 62.2 390 1.03 0.530 96.7 
268 0.797 0.608 57.6 395 0.517 0.554 8.52 
270 Lil 0.855 146 399 0.437 0.456 14.9 
272 0.944 0.729 91.5 402 0.637 0.485 12.6 
275 0.714 0.625 63.7 404 1.02 0.471 10.4 
278 0.638 0.555 136 410 1.277 0.497 9.46 
280 0.682 0.637 227 416 0.687 0.539 5.78 
283 0.627 0.515 72.2. 420 0.423 0.443, 11.8 
286 0.901 0.756 138 422 0.538 0.477 13.7 
288 0.679 0.609. 63.7 426 0.631 0.561 11.5 
289.5 0.616 0.555 59.4 430 0.832 0.563 7.02 
292 0.771 0.637 53.9 437 0.801 0.566 9.36 
295 1.100 © 0.838 122 440 0.805 0.498 6.11 
300 0.661 ° 0.602 52.2 444 0.576 0.496 7.47 
302.5 0.526 0.464 42.0 450 0.700 0.411 4.24 
305 0.659 0.558 42.5 459 0.478 0.449 6.77 
310 - 0.992 0.757 69.9 466 0.808 0.456 3.94 
912 0.825 0.694 41.5 474 0.597 0.437 7.30 
315 0.631 0.546 25.3 480 0.946 0.464 4.42 
318.5 1.08 0.780 . 83.0 486 0.835 0.556 19.5 
922 0.693 0.564 36.1 490 0.760 0.486 3.49 
326. 0.669 0.586 77.4 503 0.482 0.538 7.64 
330 0.688 © 0.540 32.2 505 0.648 0.574 6.13 
332 0.891 0.771 59.1 507 0.509 0.480 5.69 
335 0.607 0.541 26.7 509 0.549 0.578 3.33 
339 0.738 0.597 30.8 511 0.577 0.435 3.69 
342 0.713 _0.609 37.7 513 0.729 0.437 3.25 
345 0.802 0.635 35.8 515 0.68! 0.582 7.71 
346 0.771 0.671 23.4 517 0.479 0.461 8.07 
348 0.695 0.688 26.6 520 0.506 0.411 3.89 
350 0.537 0.605 32.8 523 0.737 0.654 3.69 
352 0.534 0.607 45.8 526 0.571 0.476 6.48 
354 0.533 0.614 45.8 528 0.503 0.423 1.94 
355 0.523 0.550 34.0 531 0.929 0.300 2.14 
357 0.601 0.637. 38.5 537 0.500 0.375 2.47 
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vem-! m n B vem m n 8 
539 0.806 0.267 2.54 576 0.493 0.448 3.23 
541 0.502 0.613 2.26 578 0.632 0.366 2.58 
543 0.493 0.424 1.39 581 0.556 0.393 3.94 
546 0.527 0.528 5.61 583 0.680 0.301 2.91 
548 0.561 0.419 3.97 585 0.685 0.361 3.15 
550 0.477 0.468 2.86 588 0.993 0.201 3.30 
552 0.621 0.317 1.65 592 0.611 0.394 4.97 
555 0.687 0.429 2.82 597 0.717 0.317 2.63 
560 0.763 0.293 1.63 600 0.622 0.415 3.17 
563 0.668 0.368 2.30 603 0.666 0.399 2.52 
564 0.652 0.313 2.11 605 0.829 0.207 2.75 
569 0.541 0.475 4.48 610 0.601 0.192 1.34 
573 0.899 0.292 3.51 615 0.626 0.288 3.20 


Emission in the bands of water vapor of 1.87, 2.7, 6.3 and 15-40 p 
can be similarly calculated with the help of formula (13). The 
parameters entering into this formula are given in Tables 2.8-2.11] [5]. 
Parameters entering into formulas (2.11) and (2.12) are given in Table 


2.12. 


Table 2.12 Empirical constants in Howard-Birch-Williams formulas 
for water vapor (d = 4, B = 1) [24]. 


Limits 


Band, of the : k Cc D KS Avdy 
a bands, cm7! 7 
6.3 1150-2050 356 0.30 302 218 157 160 
3.2 2800-3340 40.2 0.30 500 
2.7 3340-4400 316 0.32 337 246 150 200 
1.87 4800-5200 152 0.30 127 232 144 275 
1.38 6500-8000 163. 0.30 202 460 198 350 
1.1 8300-9300 31 0.26 200 
0.94 38 0.27 200 


3.7! 2670-2770 0.325 0.37 


Note: The last graph gives the value below which weak absorption occurs, and above 
which three is strong absorption. 
1HDO isotope band. 
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2.2 -Carbon dioxide CO, 


_ Elsasser’s model, i.e. formula (3) or its limiting expressions, is 
usually employed for the description of absorption caused by carbon 
dioxide. 

Computation of emission in the bands of CO, of 2, 2.7, 4.3, 4.8, 
9-12 and 15 p may be carried out similarly according to formula (2.13). 
The parameters of computation are presented in Tables 2.13-2.18 [5]. 
The parameters entering into formulas (2.11) and (2.12) for a computation 
of absorption brought about by the entire band are given in Table 2.19. 


Table 2.13 Absorption bands of CO, for 2» (m=0.64 ; n=0.45) [5] 


y cm-} i) vem! -) vy cm-t 8 
4674 0 4878. 5.5x 10-3 5026 0.92 10-3 
4714 0.25 x 10-3 4899 2.03 5036 3.1 
4754 0.58 4917 4.8 5059 12.1 
4797 2.67 -4938 15.9 ; 5080 19.5 
4817 5.95 4959 32.8 5094 10.9 ° 
4838 11.4 4973 54.0 5115 0.29 
4850 13.1 4998 16.4 5133 0.83 
4865 11.0 5014 3.4 5163 


Table 2.14 Absorption band of CO, for 2.7 p (m=0.64 ; 2=0.45) [5] 


vem-! 6x 10-? yvemo) 6° vy em-} rs) yeme? 8 


70 Radiation Characteristics 


Table 2.15 Absorption band of CO, for 4.3 y. [5] 


vem! 


2250 
(2255 
2260 
2265 
2270 
2275 
2280 
2285 


2179 
2181 
2185 
2188 
2193 
2196 
2199 
2201 
2206 
2210 
2214 
2216 
2219 


vem-! 


vem? 


iS) 
1x 
— 
Oo 

4 


10-# 


Hh oOnUhwn 
aX nwonwe 


m=0.64 ; n=0.45; un pr > 0.7 
e 


2325 
2330 
2335 
2340- 
2343, 
2345 
2350 
2355 


AOR AR RB 
Ae PN ORD 


m=0.5; n=0.48; u™ t..< 0.7 


2223 
2225 
2227 
2230 
2233 
2237 
2238 
2240 
2246 
2253 
2260 
2265 


2.6x 10- 
4 

6 
8.1 
10.5 
12 
14.5 
15.6 
20.1 
28.6 
33 
37.5 


2270 
2275 
2280 
2284 
2290 
2295 
2300 
2305 
2372 
2377 
2382 
2386" 


40x 10 
44 
44 
37 
85 
135 
158 

231 
359 
207 
108 
37.8 


vem} 


2360 
2565 
2370 
2375 
2380 
2385 
2390 
2395 


=a 2390 


2395 
2400 
2405 
2411 
2416 
2421 
2426 
3431 
2436 
- 2441 
2446 


S2TPOH#WhAOD 
= WIN A hH~ 


on n ew 


18.6 x 10-3 
4.55 


Table 2.16 Absorption band of CO, for 4.8 u (m = 0.64 ; n = 0.45) [5] 


a 


vy em-! 


2170.6 
2158.2 
2145.8 
2139.6 
2135.9 
2132.2 
2129.1 
-2124.1 
2121.0 
2117.3 
2111.7 


6 vem} B 
1.27 10~« 2108.6 1.89 x 10-3 
3.10 2106.7 2.76 
5.95 2102.4 5.31 
” 1.47 10-8 2098.7 3.22 
2.85 2096.2 4.19 
1.52 2093.1 6.80 
1.62 2090.0 15.36 
2.28 2086 .9 10.55 
2.48 2085.0 7.77 
2.44 2080.7 10.05 
1.97 2078.0 11.12 


vcm-! 


8 


2073.3. 11.34 10-3 


2065.2 
2057.1 
2052.2 
2040.4 
2035.4 
2031.1 
2028.0 
2021.8 
2015.6 
2009.4 


9.20 


gd TEE EE 
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Table 2,17 Absorption band of CO, for 9-12 p (m = 0.84) [5] 


vom! n J} vem n yvcm7! Bx 10¢ v cm! Bx 104 
1100 0.230 "970 0.360 1100 0.5 956 6.4 
1091 0.280 969 ‘0.340 1090 7 948 9 
1085 0.366 967 0.300 1085 12 943 8- 
1075 0.434 965 0.249 1076 16 935 4 
1070 0.360 | 963 0.220 1070 12 925 2 
1068 0.300 958 0.230 1067 8 915 1.2 
1063 0.243 956 0.250 1063 5.8 900 0-8 
1050 0.356 _ 954. 0.280,,| 1058 8 875 0.4 
1036 0.364 952 0.312 1055 - 10.4 866 0.4 
1025 0.320 947 0.324 1050 12 862 0.7 
1020 0.292 935 0.308 1045 10.4 860 0.5 
1017 0.274 925° 0.280 1042 8 850 . 0.5 
1014 0.258 914 0.264 1038 6.3 837 . 0.9 
1010 0.240 900 0.220 1022 2 830 1.5 
1007 0.223 877 0.170 1010 0.5 825 2.4 
1000 0.202 866 0.186 1000 0.25 822 2 
995 0.210 860 0.220 993 1.8 812 4.7 
990 ~- 0.240 850 0.262 983 “8 802 8 
988 0.270 825 0.280 975 10 798 7.6 
987 0.300 | © 800 0.276 97) 8 792 12 
986 0.320 792 0.298 968 4.8 787 6.4 
985 0.345 786 0.252 963 3 770 22.4 
984 0.366 782 0.298 
983 0.390 } 766 0.300 
975 0.438 755 0.280 
971 0.423 : 


Table 2.18 Absorption band of CO, for 15» (m = 0.64) [5] 


vem} ) n vemo! Bp n 
575 0.480 x 10-* 0.170 600 0.799 x 10-1 0.224 
580 0.957 x 10-3 0.170 605 0.914x 10-3 0.230 
585 0.214x 10 0.172 607.5 0.959 x 10-7 0.228 
590 0.339 x 10-# 0.170 610 0.961 x 10-7 0.224 
595 0.633 x 10-3 0.168 612.5 0.968 x 10-7 0.220 


598 0.108 0.180 615 0.118 . 0.200 
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vom! p fn yom B 7 
617.5 0.300: 0.166 685 1.062 0.428 
620 0.110 0.250 690 0.806 0.408 
625 0.197 0.256 692.5 0.706 0.394 
630 0.324 0.315 695 0.629 0.382 
635 0.462 0.344 697.5 0.542 0.370 
640 0.625 0.360 700 0.469 0.354 
642.5 0.719 0.367 703 0.395 0.346 
645 0.862 0.374 | 705 0.332 0.338 
647 1.035 0.340 710 0.224 0.314 
648 1.078 0.326 . 715 0.161 0.270 
650 1.087 0.384 717.5 0.209 0.200 
655 1.11 0.398 720 0.243 0.132 
657.5 1.108 0.400 722 0.156 0.180 
660 1.082 0.396 723 0.099 0.252 
662 1.062 0.389 725 0.075 0.256 
663 1.074 0.384 730 0.091 0.253 

. 665 1.332 0.330 735 0.095 . 0.252 
667.5 2.352 0.238 740 0.100 0.252 
670 1.309 0.310 745 0.062 0.254 
672 1.250 0.440 750 0.037 0.254 
675 1.266 0.446 755 0.023 0.253 
667.5 1.258 0.442 758 0.012 0.254 
680 1.188 0.440 


Table 2.19 Empirical constants in formulas of Howard-Birch-Williams 
for carbon dioxide [24] 


Bound- 
Bands, aries, c d k Cc D K | Ay dv 

B em“ 
15 550-800 3.16 0.5 0.44 =—68 55 47 50 
10.4" 750-1000 0.016 0.78 0.20 35 
9.4 1000-1110 0.023. 0.75 0.23 40 
5.2 1870-1980 0.024 0.5 0.40 . 30 
4.8 1980-2160 0.12 0.5 0.37 60 
4.3 2160-2500 15.0 0.54 0.41 27.5 34 31.5 50 
_ 2.7 3480-3800 3.15 0.58 0.43 —137—-- 77 68 50 
2.0 4750-5200 0.492 0.50 0.39 —536 138 «114 80 
1.6 6000-6550 0.063 0.50 0.38 : 80 
1.4 6650-7250 0.058 0.50 0.41 80 


Optical Characteristics of the Atmosphere 73 


2.3. Ozone O; 


The most significant of all the absorption bands of ozone is 9.6 yp, 
being studied in [3, 43, 50). The model of this band has not been definitely 
established to date. The expression (2.5) has been employed in [44] 
for the description of absorption of O, as follows : 


A=o( VSemt ) >I, 
=} 


1 o> 
where —— /Srry = k (k--absorption eetncient in mm *, w—ozone layer 


inmm). The values of & are given in Table 2.20. 


Table 2.20 Absorption coefficient of ozone [44] 


a; py k, ant ALB k, mm-? hye k, mm-? 
8.6 0.0 12.2 0.0 14.2 0.03 
8.8 0.04 12.4 0.01 14.6 0.03 
9.0 0.11 12:6 - 0.01 14.8 0.03 
9.2 _ 0.07 12.8 0.01 15.0 0.02 
9.4 0.39 13.0 0.02 15.2 . 0.02 
9.6 0.48 -.[° 13.2 0.03 15.4 0.02 
9.8 0.39 13.4 0.06 15.6 0.01 
10.0 0.20 13.6 0.07 15.8 0.01 
10.2 0.06 13.8 0.04 16.0 0.01 
10.4 0.0 14.0 0.03 16.2 0.0 


Itis possible to compute absorption, determined by the entire band 
9.6 according to the empirical formula [50]. 


[4 dv = 138 (1-10 ) (2.14) 
where 
_ué (u)?-4 Set 
p 
f(g) = 1.185 (1 + 7349)? (9), 
1 +.0.1025u_ 
Ee Lie 8 


0.984 x 10-534 Q.1 cu < 04 
0.317u-0-74 x > 0.4 


f(u) = 
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log p —4.0; —3.9; —3.8; —3.7; —3.6; —3.5; —3.4: —3.3; —3.2; —3.1. 

n(~) 1; 0.998; 0.995; 0.993: 0.989; 0.984; 0.982; 0.980; 0.977; 0.974 

log(p) —3.0; —2.9; —2.8; —2.7; —2.6; —2.5; —2.4; —2.3; —2.2; 
—2.1; . ; 

n(p) 0.977; 0.979; 0.982; 0.989; 1.002; 1.016; 1.030; 1.045; 1.057; 
1.069; log » —2.0 

n(~). 1.079. 


2.4 Minor components of the atmosphere: 
CH,, N,O and CO 


Although the amount of CH,, N,O and CO is small in the atmosphere, * 
it is necessary to account for them in many problems of atmospheric optics. 
Formula (13) may be employed for the computation of absorption in the 
narrow spectral segments brought about by these gases. Parameters 
entering into this case are given in Tables 2.21-2.26 [5].. Absorption 
for.the entire band may be computed according to formulas (1!) and (12), 
the necessary parameters being given in Table 2.27 [24]. The effective 
pressure fete = fa + Bhs» has been used in place of p in formulas (11) 
and (12). The values of coefficient of resonance B are given in Table 2.28. 


Table 2.21 Absorption band of CH,, 3.3 4 (m=0.58) [5] 


yom! B n vy em-? B n 
1120 0.002 | 0.125 1350 0.503 0.450 
1135 0.005 0.130 1365 0.358 0.427 
1160 0.010 0.137 1380 0. 182 0.395 
1180 0.020 0.170 1390 0.100 0.358 
1186 0.030 0.190 1400 0.055 0.225 
1190 0.020 0.208 1410 0.028 0.158 
1200 . 0.055 0.312 1426 0.030 0.190 
1206 0.040 0.338 1440 0.030 0.210 
1220 0.175 0.350 1460 0.023 0.190 
1230 0.143 0.360 1480 0.018 0.175 
1247 0.335 0.403 1500 0.010 0.210 
1250 0.278 0.418 1520 0.005 0.241 
1260 0.400 0.500 1536 0.025 0.270 
1265 0.500 0.475 1547 0.070 0.283 
1275 0.380 0.450 1560 0.015 0.265 
1290 0.516" 0.460 1580 0.005 0.243 
1305 0.786 - 0.290 1600 0.005 0.235 
1314 0.412 0.412 1620 0.012 “0.300 
1320 0.208 0.533 1640 0.010 0.313 
1330 0.320 0.460 f 1660 0.005 0.325 


1340 0.423 0.450 
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Table 2.22. Absorption band of CH,, 7.6 4 (m=0.58) [5] 


vem-! 8 n vem! B n 

2530 0.010 2938 - 0.190 0.268 
2560 0.014 0.098 2948 0.220 0.276 
2600 0.018 0.098 2960 0.247 0.324 
2620 0.021 0.098 2970 0.270 0.342 
2640 0.022 0.098 2986 0.262 0.334 
2660 0.026 0.110 3000 0.250 0.322 
2680 0.028 0.148 3015 0.320 0.266 
2700 0.032 0.184 : 3026 0.375 0.222 
2720 0.034 0.196 3038 0.375 0.250 
2740 . 0.040 0.216 ° 3043 0.370 0.300 
2750 0.045 0.222 3050 0.290 0.378 
2760 . 0.050 0.218 3060 0.212 0.440 
2780 0.060 0.202 3068 0.232 0.460 
2800 0.070 0.190 — 3075 0.255 0.482 
2814 0.074 0.244 3088 0.320 0.500 
2830 0.082 - 0.300 3100 0.290 0.407 
2853 0.103 0.294 - 3115 0.254 0.378 
2862 0.082 0.242 " 3126 0.220 0.360 
2875 0.112 0.221 — 3150 0.154 0.336 
2890 0.145 0.236 — 3176 0.100 0.310 
2916 0.160 0.252 ° 3200 "0.040 0.278 
2928 0.174 0.260 3218 0.025 0.232 


Table 2.23 , Absorption band of N,O, 4.5 4 (m = 0.6) [5] 


SP ES 


vem 8 n 

2125 0 0.170 
2138 0.015 "0.170 
2150 0.050 0.170 
2157 0.08 . 0.175 
2162 0.13 0.174 
2170 “0.20 0.176 
2175 0.28 0.190 
2182 0.48 0.230 
2188 | 0.80 0.310 
2194 1.33 0.355 
2200 1.80 0.410 
2206 2.26 0.430 
2212 2.45 0.450 
2218 2.24 0.434 
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yom 8 n 
2224 1.90 0.400 
sedee tu Se8 DDD o sxe 2.46 0.445 
2237 2.94 0.475 
2244, 2.65 0.460 
2250 1.92 0.450 
2256 0.80 0.427 
2263 0.28 0.283 
2268 0.12 0.25 
2275 0.05 0.25 


2287 0 0.25 


Table 2.24 Absorption band of N,O, 7.8 p.(m = 0.6) [5] 


vem! p n 
1206 0 0.30 
1213 0.04 0.30 
1225 0.06 0.30 
1231 0.12 0.30 
1240 0.32 0.33 
1245 0.58 0.36 
1254 1.10 0.38 
1257 1.44 0.42 
1262 1.74 0.43 
1267 1.98 0.44. 
” 1276 1.72 0.45 
1283 1.46 0.46 
1287 ° 1.75 0.46 
1290 2.18 0.47 
1295 2.70 0.47 
1302 2.00 0.44 
1307 1.44 0.42 
1310 0.90 0.39 
1315 0.64 0.36 
1324 0.37 0.32 
1331 0.18 0.31 


1342 0 0.30 
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Table 2.25 Absorption band of N,O, 15 , (m = 0.6).[5] 


vem! 2) R v em-} B n 
525 0 0.078. 615 0.280 0.280 
535 0.008 0.078 620 0.190 0.375 
540 0.025 0.080 625 0.112 0.500 
545 0.058 0.078 630 0.070 0.566 
550 0.092 0.260 ; 635 0.046 0.600 
555 0.124 0.300 640 0.020 0.500 
558 0.192 0.310 645 0.006 0.310 
560 0.289 0.340 650 0.003 0.240 
565 0.440 0.387 660 0.004 0.180 
570 0.435 0.410 670 0.007 0.226 
574 0.420 0.337 685 0:012 0.255 
578 0.404 0.273 689 0.027 0.235 
581 0.390 0.305 692 0.048 0.220 
585 0.377 0.336 694 0.027 0.225 
590 0.374 "0.365 696 0.012 0.226 
592 0.548 0.392 699 0.015 0.400. 
595 0.568 0.400 ; 701 0.012 0.355 
600 0.529 0.440 706 0.015 0.406 
605 0.635 0.460 715 0.008 0.580 
610 0.400 0.377 735 0.500 


Table 2.26 Absorption band of CO, 3.7 p(n = 0.45 ; m = 0.58) (5) 


vem! B vy cm} B vom} 6 
2000 0.0202 2100 0.394 2180 0.454 
2012 0.038 2112 0.504 2190 0.350 
* 2025 0.0564 2125 0.462 2200 0.292 
2037 0.085 2132 0.380 2212 0.195 
2050 0.128 2140 0.289 2295 0.086 
2062 0.185 - 2150 0.374 2237 0.044 
2075 0.247 i 2160 0.462 2250 0.0096 


2087 0.320 2170 0.552 
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Table 2.27 Empirical constants for formulas (11) and (12) [24] 


T 
o 
4 5 g 
to S e 
to oe 
& i} * ¢ d k Cc D 
a ne v 
9° 1 & 
Bo By Fe 
Las} oO 
< 1S) =) 


N,O 2224 2100-2300 18.0 0.53 0.371 


15 40 
CO 2143 —-1975-2275 2.75 0.55 0.44 
2.75 0.55 0.44 
3.20 0.43 0.43 
° —106 61 
CH, 3020 2300-3400 15.5 0.55 0.22 
—375 272 


‘CH, 1306 1050-1535 7.3 0.45 0.27 
CH, 1550 1535-1800 Not obtained - 


10-25 

28 10-760 
20-250 
20-760 
20-760 

61 20-3000 
10-760 

108.8 10-3000 
“10-760 


10-45 
45-120 
4-40 

10-40 
40-120 
120-200 
15-250 
250-500 - 
20-130 


Table 2.28 Coefficient of resonance for different gases [24] 


Absorbing. gas Absorption band 
H,O 5332, 3756, 1595-cm-* 
20 u 
line 4025.4 cm=! 
co, 3716, 3609, 2356, 1064, 
961 cm-! and 875-495 cm-? 
co 2143 cm-! 
4260 cm™ 
CH, 3020 cm 
1306 cm- 
1550.cm—!. 


N,O 2224, 1285, 1167 cm? 


Coefficient of resonance 


5+1.5 


6-11 increases linearly with 
increase of absorption 


1.30+4.0.08 


1.02-+0.06 
1.08+.0.06 


1,30+0.08 
1.38+-0.08 
1.38 


1.12+0.07 
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3. CHARACTERISTICS OF SCATTERING OF VISIBLE AND 
INFRARED RADIATION BY AEROSOL PARTICLES 
AND AIR MOLECULES 


Inasmuch as the phenomenon of scattered radiation of the atmosphere 
is complex and varied, one is limited by certain factors while studying 
the scattering characteristics of radiation inthe atmosphere. It is assumed 
that the scattered radiation always possesses the same frequency as the 
incident radiation, i.e. there is no quantum transition; scattering occurs 
on clearly bounded, distinct and independent particles, i.e. there exists no 
correlation between the phases of radiation scattered by different particles; 
besides only characteristics of single scattering are to be examined. Méie’s 
general theory is applicable to scattering of radiation by particles when 
these conditions are fulfilled, and makes it possible to solve direct as well as 
indirect problems of atmbsphevic optics, such as the enumeration of optical 
characteristics of the medium according to the data on the composition 
of the scattering medium and the stating of its microphysical properties 
from optical measurements. 

The fundamental properties of molecular scattering and aerosol 
attenuation (scattering and absorption) of radiative fluxes in the atmo- 
sphere as well as the volume coefficient of molecular and aerosol scattering 
and aerosol absorption can be expressed through sums of coefficients corres- 
ponding to single particles as follows: 


N 
kyg =k, toy = ye (u), (2.15a) 
(2) 
z 
%q = yl (2), (2.15b) 
i=1 
N 
y= SMw, (2.15c) 
i=1 
N (i) 
a > ke (4) (2.15d) 


i=1 ; 
where k,, —volume coefficient of aerosol attenuation and is equal to the 
sum of volume coefficients of scattering @, and absorption k , and ay 
v 
eee ae so pO pa sO ee) 
volume coefficient of molecular scattering k*" (u),a‘’ (u),k*” (p) 
a va v 


—attenuation, scattering and absorption coefficients for the i!® particle 
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respectively; N—number of aerosol particles in a unit volume (calculated 
concentration) and n;—number of molecules ina unit volume. The ratio of 
these coefficients to the geometric cross section of the particle, called the 
effective attenuation factor K, scattering factor KX, and absorption factor 
Kg, depend on the chemical constitution and structure of aerosol particles 
and the medium (primarily the indices of refraction) as well as the relation 
between the size of the particle and the wavelength of radiation. For 
spherical particles we have the following : 


K le ‘(2.16a) 
Ky =e), (2.16b) 
Ka ee (2.16c) 
the relative size of particles 5 = a and relative index of refraction 
montin= a , where Mp and tm are complex indices of refraction 


p : 
of the particle and the medium respectively, n—usual refractive index, x— 


index of absorption for the material of the particle, a—radius of particle and 
A—wavelength of incident radiation. The introduction of the supplemen- 
tary condition of sphericity for the scattering particle in most cases does not 
lead to a large error in the computation since the scattering particle in the 
atmosphere possesses a form which does not differ basically from the 
spherical and is, moreover, oriented in a random manner. 

The concept of the scattering coefficient of a particle in a given 
direction may be introduced for the characterization of the scattering 
properties of the particle at different angles from the direction of the incident 
wave. In practice a spatial picture of scattering of the incident radiation 
may be obtained by applying the concept of scattering function x(y) or 
the angular function of scattering which represents the ratio of intensity 
of radiation, fraction scattered in a given direction, to the flow of energy 
‘ scattered in all.directions as follows : 


x(y) = mee ey (2.17) 


where J, (y)—intensity of light scattered by a particle in the direction of 
angle y and dw—element of solid angle. 
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__. The scattering function depends on the direction of polarization 
of the radiation, which in turn may change.the polarization characteristics 
of the scattered radiation. The extent of polarization of scattered radiation 
is determined by the following expression, viz. 


where J,— intensity of radiation when the vibrations of the electric field 
vector are perpendicular to the plane of propagation of radiation and [,— 


‘parallel to the plane of propagation of radiation. 


A characterization of scattering properties of real atmosphere is of 
significance in the investigation of molecules of air and aerosol particles of 
relatively very small size ( < 1), and for particles of a size comparable 
to the wavelength of the incident radiation. The scattering theory and 
the computation of characteristics of radiation scattered by these particles 
have been executed in detail in [6, 18, 20]. The fundamental derivations 


‘ obtained in these references will be briefly considered. 


3.1 Small particles and molecules of air 


In order to obtain the asymptotic formulas for K and Kg in the case 
of. particles with 6 <', the expansions of Bessel’s and Hankel’s functions 
in powers of @ entering into the expression for K and K, can be employed. 
Since the index of refraction for the scattering particles m is small in air, 
the inequality [ml@<! holds and the appropriate expression for the effective 
attenuation factor is given by 


: K (6, m= > Pa, (2.18) 


a —2 (m2--1) (m2@—2) = me—1 
Rs 1m [ (m2)? sce ~ 3 (2-3) 
= 8 m—1 2 : 
Pa eny 
Mee! se ie poe 
75 m+2 


—1 _ (1) (2m?-3 ae a 
6 a 315. 
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If the particle is transparent, then x=0O and pe!, so that the 
following equation holds, viz. 


m?— 1 2 
K (6, m)=Ksz (6, m)= — re (Srrz) : (2.19) 


This expression is valid for Rayleigh’s particles. The volume scattering 
coefficient for these particles is similarly inversely proportional to the 
fourth power of wavelength of the incident radiation and is directly 
proportional to the square of the volume of the scattering particle. The 
first member of the expansion in (2.18) will determine the magnitude of 
the effective attenuation factor in the case of absorbent particles. In this 
case the radiation attenuation coefficient is inversely proportional to the 
wavelength of the incident radiation. The following expression holds for 
the scattering function of small particles 


4 m—) 2 
x(y) ge e (a3) (1+-cos? y), (2.20) 


i.e. scattering is identical in the forward and backward directions. 


The extent of polarization is determined by the following expression: 


sin?y 


The numerical values of coefficients of molecular scattering have been 
derived in [46], and are given in Table 2.29 of the same article. 


3.2 Large particles 


Radiation attenuation and scattering functions of particles with 
— > | may be looked upon as arising from geometrical optics and diffraction 
of incident radiation on the contours of particles. For the case of absorbent 
particles we have: 


> 


_ 2.2 ~2ax 
PG aS eS anos) 


(n-+1)?-+2? n-1 


egg ee ies, 9.29 
—_— an” ee EET pe - 
Verte+tl vnittn nae 
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If the particle is transparent, then the following equation holds, viz: 


Bn? de eh 
Ky (, ft) =2— nal) sin 2 p(n— 1). (2.23) 


The following simple expression for the effective attenuation factor of 
a large particle with complex index of refraction can be obtained for the 
case of “‘soft” particles, when |m—1|-—>0, from the following : 


K (5, m)=2—4e —’ tanB cos B n (3° —p)— 4, tan B (= a) 
e 


x. cos esate cote (2.24) 


where @‘=2¢ (n—1), tan p= ; 


The expression K, (6, m) for transparent “soft” particles is given by the 
following equation, viz: 


Kp (8, m) = 2 — sin 9’ Rin ee (1—cos 6’). (2.25) 
5" 

The computations for scattering functions for large transparent’ particles 

were carried out by K. S. Shifrin. Large particles with a wide range of 

values of § produce strong intensification in the scattering function, which 

“may be expressed by the approximate formula: 


«=a [Ah Het Ctcos at FER | + 229 
where x’ Gi is part of the function determined by a pencil of light obeying 
the laws of geometrical optics, and which has been computed in [20] in 

_steps of 5° for spheres with m=1.33 and 7, is Bessel’s function. 

A large amount of computed material on the scattering function in 
the case of water. particles is contained in [41]. 

Optical phenomena such ‘as the rainbow and glory can be explained 
by the scattering of light by large transparent particles. The high degree of 
polarization of dispersed light in rainbows should be noted. 


3.3. Transparent particles of different sizes 


The solution of problems on scattered radiation of particles of non- 
absorbent substances in the general form is no simpler than for particles 
with a complex index of refraction. However, considerable simplification 
may be achieved in this case when the following inequalities hold : 
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¢<lorsaS], 
m-1<lorm—1>1, 
. - a(m—1) < 1 or B(mM—1) > 1. 


The computations of effective scattering factors (attenuation) ‘for 
transparent particles are quite simple. Fig. 2.14 shows the curves for 
effective attenuation factors of scattering for several indices of refraction, 
whereas Table 2.30 gives the analogous characteristics for water in the 
visiblé region of the radiation spectrum (m=1.33), computed by Houghton 
and Chalker [37]. The computations for scattering functions are far more 
laborious. In atmospheric optics the computations for water particles and 
particles possessing an index of refraction equal to the mean index of 
refraction of atmospheric aerosol are of practical interest (20, 27, 31, 42]. 
Fig. 2.15 and Table 2.31 present these data for the visible part of the spectrum. 


6 9 12 P 
Fig. 2.14. Effective scattering factors for transparent particles 
with different indices of refraction (6]. 
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Table 2.30 Effective attenuation of radiation for particles with 7=1.33 [37) 


0.5 0.00676 9.0 2.738 | 12.250 1.892 | 17.125 2.704 
0.6 0.0138 9.5 2.394 | 12.333 1.936 | 17.25 2.822 
1.0 0.0938 10.0 2.152 | 12.5 1.938 | 17.375 2.820 
1.2 0.171 10.25 2.052 | 12.6 1.822 | 17:5 2.738 
1.5 0.322 10.5 1,886 | 12.75 1.850 | 18.0 2.598 
1.8 0.522 10.625 1.918 | 13.0 2.012 | 18.5 2.432 
2.0 0.710 10.75 1.930. | 13.5 2.192 | 19.0 2.218. 
2.4 1.126 10.875 1.832 | 14.0 2.474 | 19.25 2.090 
2.5 1.212 11.0 1.740 | 14.5 2.528 | 19.5 1.998 
3.0 1.754 11.125 1.728 | 15.0 2.744 | 19.75 1.976 
3.6 2.376 11.333 1.734 |] 15.5 2.740 | 20.0 2.092 
4.8 3.490 11.4 1.768 | 16.0 2.870 | 20.25 2.180 
5.0 3.592 11.5 1.858 | 16.25 2.872 | 20.5 2.078 
6.0 3.888 11.75 1.758 | 16.5 2.850 | 21.0 1.834 
7.0 3.722 12.0 1.670 | 16.75 2.810 | 22.0 1.922 
8.0 3.282 12.125 1.776 | 17.0 2.632 | 24.0 2.438 


~ 


3.4 Particles with complex index of refraction 


In the actual atmosphere other particles besides transparent aerosol. 
particles may be present. It is possible to completely disregard the absor- 
bent properties of atmospheric aerosol even in the visible region of the solar 
spectrum. It is more true in the case of the infrared region. Thus, the 
computation of effective attenuation, scattering and absorption factors, 
as of the scattering function for particles with a complex index of refraction, 
is of great interest. At present no data are available on the mean index 
of refraction of atmospheric aerosol in the infrared region. Assuming 
that the majority of aerosol particles may be either water particles or 
particles covered with a fine aqueous layer, the application of complex 
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Fig. 2.15. Scattering functions for particles of different sizes 
a) m@=1.3, sphere ; b) #=1.50, sphere ; c) M=1.50, cylinder ; 
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and with different indices of refraction. 
da) m=1.55, sphere ; e) m=2, sphere [20] 
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index of refraction of water is sufficiently justified. The complex index of 
refraction of water has been measured by many researchers [I!, 13, 29]. 
Table 2.32 gives these values. 
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Table 2.32 Complex index of refraction and absorption 
coefficient of water [11, 13, 29] 


n k 
424 8.0.x 10-2 
.377 3.0 
359 1.5 
.349 = 3:0x 10-3 
343. 1.0 
.339 =. 2.0x10-4 
.336 2.5 
334 3.5 
332 1.5% 10-3 
331 2.5 
.330 6.0 
329 2.5 
.329 =. 2.6x 10-2 
328 2.1 
.328 2.0 
327 “4.1 
328 6.7 
.327. 3.65 10-1 
327 4.3 
.326- 3.55 
325 1.31 
325 1.28 
324 1.99 
3235. . 8.00 


323 © 1.05x 10° 


1.3x 10-7 
6.0x 10-8 
3.6 
8.0x 10-® 
3.0 
7.0 
8.0 
1.5x 10-° 
7.0 
1.3x 10-8 
3.3 

1.49x 10-7 
1.50 
1.34 
1.20.. 


2.777 


4.80 
2.76 x 10-8 
3.55 
2.82 
-1,10- 
1.07 
1.66 
7.32 
9.90 


4 


k x 
1.020 9.74 
0.890 8.85 
0.88 8.80 
1.08 11.17 
2.70 29.00 
13.00 14.48 10-8 
26.0 3.00x10-4 
17.3 2.065 
9.6 1.184 
6.2. 7.89x 10-5 
5.1 6.70 
5.0 6.6x10-§ 
5.15 6.97 
6.4 8.91 
8.0 1.146 10-4 
‘9.5 1.399 
80.5 1.217x 10-3 
114.0 1.76 
110.0 1.707 
68.0. 1,082 
41.0 6.689 10-4 
26.0 4.345 ° 
19.0 13.25 
16.0 2.8 
15.5 2.72 


2.25 1.290 
2.30 1.286 
2.35 1:282 
2.40 . 1.276 
2.45 1.270 
2.50 1.246 
2.55 1.213 
2.60 1.180 
2.625 1.160 
2.65 1.140 
2.70 1.134 
2.75  1.133- 
2.80 1.232 
2.90 1.310 
2.95 1.325 
3.00 1.351 
3.10 °1.426 
3.20 1.509- 
3.30 1.470 
3.40 1.449 
+3.50- 1.423 
3.60 1.402 
3.75 1.372 . 
3.83 1.358 
'4.00- 1.349 
4,50 1.341 
4.66 1.338 
4.80 1.336 
“5.00 1.331 
5.26 1.318 
5.50 1.303 
5.80 1.266 
6.00 1.313 
6.05 1.324 
6.40 1.347 
6.50 1.338 
7.090 1.323 
‘7.50 | 1.303 


17.0 
23.0 
30.0 
42.0 
61.0 
83.0 
97.0 
99.0 
109.0 
131.0 
“235.0 
1.100 
4.212 
10.580 
11.700 
10.860 
7.430 
3.700 
1.650 
698.0 
334.0 
198.0 
119 
TLL 
151 
411 
468 
431 
308 
229 
276 
699 
2138 
2328 
852 
794 
618 
579 
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Table 2.32—Contd. 


3.04 x 10-4 
4.21 
5.61 
8.02 

1.189 x 10-5 
1.651 
1.968 
2.048 
2.277 
2.763 
5.049: 


2.401 x 10-?]- 


9.361 
2.435 x 10-1 
2.740 
2.586 
1.826 


‘9.422 x 10-2 


4.333 

1.888 
9.300 x 10-5 

5.670 


-.3.55 x 10-8 


3.38 
4.81 
1.472 x 10-? 
, 1.736 
1.647 
1.225 
9.59 x 10-8 
1.208 x 10-2 
"$3,226 


1.028 x 1072 


1.1208 

4.339 x 10- 
4.107 
3.443 
3.456 
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3.603 


3. 
-054 
-377 
316 
-900 
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1.02 
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ou 


x 10-2 
768 


x 10-3 


-53 

-092 
438 
.918 
. 202 
. 582 
-298 
.088 
.955 
.939 


.899 
.734 
. 368 
.373 
. 8007 


0476 
. 1647 


-9446 


6044 
284 
.292 
.025 
.9187 


- 51886 


Effective attenuation, scattering and absorption factors for water 
particles as computed by Deirmendjian, 


Herman,. Shifrin and others 
[9, 20, 26, 36] are given in Figs. 2.16 and 2.17. 


Deirmendjian selected an approximate expression valid for different 
values of ¢ and complex m satisfying the condition | m | <2 for the computa- 
tion of K (%, m) as follows : 
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Fig. 2.16, Effective attenuation scattering and absorption factors 
for water aerosol at A=5 #, 7=1.330, (1-0.0074 i) [36]. 


K (@, m)=(1+D) F, (2.27a) 


where F is determined from formula (2.24), obtained by Van der Hulst 


for large ‘“‘soft’”? particles, and_(1+D)—an - approximate factor given by 
the following : 


12 ie —1 5(n—1 ~})—3! 
D (&, nm) =D, =) Lf (8) +1] — SCO (2.27b) 
for the region 
ay 4.08 
BF <5 (n—]I)< T+3 tan 6 
2 n—1 : 
D (5, m)=D,=—-— [f (8) +1] Spon : (2.27c) 


for the region 


4.08 


5(n-I)€8'S +33 eap 


sgh Sp BET POI 
D (6, m)=D,= Qn i+3 tanB’ (2.27d) 
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pi 5 4 3 2 1.5 1.0 0.75 0.5 0.3 0.2 


Fig. 2.17. Effective absorption factor K,(o0) for particles with different - 

complex indices of refraction (m,=1.23-0.094 i; m,=—1.31-0.244 i : m=1.42 

0.183 i; mg=1.31-0.1 i 3 m,=—1.33-0.012 i; mg=1.34-0.015 i 5 m,=1.33-0.274 i 5 
My =1.47-0.019 i 3 my, =1.45-0.019 i 5 m,,=1.27-0.0326 i) [9]. 


for the region 


4.08 wy 4.08 
143 tan é <6'< 


m1 f(@)+1 4.08 (2.276) 


anf (8 P 


P (3, m)=Dy= © 


96 Radiation. Characteristics 


4.08" 
1+tan B ’ 


=? 


when §' > 


where f (8) =(1-+tan €) (1+3 tan 8), and §’ and 8 have been defined earlier 
for the formula (24).: 

The difference between the computations made from the exact for- 
mulas of Mie and from Deirmendjian’s approximate expressions does not 
exceed 4%. 

A complete characterization of the scattering properties of aerosol 
particles of varying chemical compositions and different sizes is given in 
the tables of Shifrin and Zel’manovich : cross section of absorption and 
scattering and absorption of particles with p, from 0.5 to 100 and with 
different complex refractive indices, all components of scattering matrices 
for twelve values of refractive indices corresponding to these values of 5 
as well as the electric vector which may be employed for the computation | 
of scattering functions for different aerosol particles [22]. 


3.5 Polydispersional aerosol 


For systems of polydispersional aerosol particles the volume attenua- 
_ tion coefficient ky, depends on the estimated particle concentration N, 
distribution functions of particles according to size and the effective attenua- 
tion factor K ($, m)-for each particle, whereas the scattering function for 
a system of particles will be determined by the size distribution functions 
of particles and the scattering function of each particle as follows: 


ao 


hy = [rox (p, m) Nf(a) da, (2.28) 
0 


where f(a)—normalized size distribution function of particles. 

The magnitude representing the ratio of the volume attenuation 
coefficient to the area of cross section of all particles in a unit of volume of 
polydispersional aerosol will be called the mean effective attenuation factor 
(this value coincides with effective. attenuation for monodispersional 
aerosol) and ‘is given by the following: 


| nak (5, m) Nf (a) da 
K (n, 2) =——-3—— (2.29) 
| na®f (a) da 


0 
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For the computation of kya, K and scattering function of polydis- 
persional aerosol, which best describe the true composition of atmospheric 
aerosol, it is necessary to know the function expressing size distribution 
of the particles. In storms and clouds the size distribution of particles 
is described satisfactorily by the following logarithmic normalized function: 


1 
11 -p—— ling) 


J (2) =e ne Se (2.30) 
(where — = — r is most probable radius, /—parameter) and Gamma 
function 
I pe 
ST (a) ee ee ave r ; (2.31) 


T@rh © ye 


where T (u + 1) is the Gamma function, equal to p! for all p; r and p— 
parameters. 

Gamma distribution may be a particular case of Khrgian-Mazin 
distribution as follows : 


f(a) = Aae-*, (2.32) 


which is obtained on the basis of numerous experimental data on the 
spectrum of cloud particles. 

It is shown in [7] that the computations of mean effective attenuation 
factors with the application of the first two distributions coincide within 
1-3%. The particle distribution of atmospheric aerosol in the layer 
above the ground can be satisfactorily described by Young’s power function 


f(a) = Ce-hs, (2.33) 


where the power b, may change from 2 to 6. 

A more detailed study of the size distribution of particles shows 
that there exists a minimum concentration of particles in the range of 
0.2-0.6 p [8, 28]. However, the majority of calculations for coefficient 
of aerosol attenuation of radiation and scattering function are made for 
Young’s distribution [21, 23]. Several researchers have employed Rokar’s 
and Best’s distribution for their computations besides the sums of different 
gamma distributions [21, 37]. The scattering function of aerosol at 
the ground (Table 2.33), obtained in [21] for particles with refractive 
indices 1.33; 1.44; 1.50 and 2.05 for Young’s distribution are of practical 
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interest. The distributions are limited as there are no lower and upper 
limits to the size‘of the particles. The first boundary condition effectively 
influences the result only when 4; >5 and the second boundary condition 
is connected with computational difficulties and is confirmed by the low 
concentration of large: aerosol particles. 


4. LOCALIZED SCATTERING FUNCTION IN 
REAL: ATMOSPHERE 


The concept of scattering coefficient along a given direction in the 
following form has been introduced for the characterization of angular 
dependence of scattering so that the following equation holds: 


dF 


BolY) = Faody ? (2.34) 


where dF—flux of scattered light in the direction y from volume dV in a 
solid angle dw, H—area of illumination perpendicular to direct rays. 
The quantity uo(y) is also called the localized scattering function. 
The function u(y) may be experimentally determined from projection 
and turbidity measurements. It is impossible to obtain this value 
through direct measurements of the brightness of the sky. In this case 
a quantity uo(y) may be introduced which is defined as the scattering 
coefficient in a given direction computed over the entire atmospheric layer. 


Hy (Y) = | po(y) dz. 
0 


Through direct measurements one can obtain the scattering coef- 
ficient in a given direction, calculated for the entire thickness of atmo- 
sphere, while taking into account the influence of multiple scattering, 
reflection from the ground and absorption. Over a period of many years 
E, V. Piaskowskaya-Fesenkova and collaborators carried out observations 
on the scattering function over the entire thickness of atmosphere i in | the 
‘vicinity of Alma-Ata and in other places [14, 15, 16]. 

In these works the functions p(y) can be determined through obser- - 
vations on the brightness of the sky in solar almucanthorat. - The: bright- 
ness of the screen illuminated by solar radiation in a plane perpendicular 
to its direction can be determined at the beginning and end of the series 
of measurements. | 
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function u(y) can be found from the following expression: 


vom Bef Ad 


(2.35) 
where B, —brightness of the screen; 
' A —albedo of the screen; 


m —atmospheric mass in the direction of the sun; and 
Bn —brightness of sky. 


Measurements show that the form of function changes significantly 
from day to day for angles y<40° and varies very little within the limits 
40<y<120°. A strong forward projection of the scattering function 
is characteristic in this region. 

It has been established by E. V. Piaskowskaya-Fesenkova [16] 
that all functions for equal transparency of the atmosphere intersect 
around a point in the interval of y from 55 to 60°. 

The elimination of the influence of multiple scattering, reflection 
of light from the underlying surface and perfect absorption appears to be . 
the most difficult task during the construction of scattering functions in 
a real atmosphere. : 

The following expression for the computation of pu ,(y) has been 
suggested by G. Sh. Lifshits [14]: 


a oe ae ee tBslYo) 
e "te FE + Balte) +Balr) ) 


Boy) + Baly) 
Bylo) + Bale)” ey 
where t —optical thickness of atmosphere determined by Bouguer’s 
lines; 
B,(yo)——brightness of sky pbsctved ata Special point YoS257°; 
B,(y)—theoretical value of brightness of sky due to multiple 
scattering ; 
Ba(y)—theoretical values of sky brightness theoretically computed 
at a special point. 
B,(yo) and Bg(y.)—the same value of sky brightness computed theoreti- 
cally at a special point. 
Values of » (y) and w, (y) for optical- thicknesses t=0.1, 0.2 and 0.3 
are given in Table 2.34 which is taken from [14]. From this table it is 
obvious that even for the smallest optical thickness (t=0.1) u(y) and 
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u(y) differ significantly, especially for large ‘scattering angles, since the 
first order scattering is extremely large for small angles. 

More detailed measurements on scattering coefficient of layers of 
atmosphere on the ground, pa(y) were carried out by Foitzik and 
Zshaeck [30] using the projection method and by Barteneva [2], who 
employed turbiditimeter IF-14 for measurements of scattering functions 
of air above the ground. 

Barteneva’s results are based on the measurements of 1020 functions 
obtained under different meteorological and geographic conditions with 
changes in meteorological visual range from D,=0.2 km to Dy==220 km. 

In order to analyze the characteristic parameters of the family of 
curves representing the scattering function of light under different con- 
ditions, Barteneva considered the asymmetry coefficient of light flux C, i.e. 
the ratio of scattering flux in the anterior hemisphere F, to the scattering 
- flux in the posterior hemisphere F, as follows : 


r/2 
| uo(y) siny dy 
Sp ama tecy (2.37) 


J Hoy) siny dy. 
nf/2 


All the functions possessing similar values of parameter C are grouped 
together and form a single class. Scattering functions which differ in the 
value of C by:one and a half times are included in distinct classes. In all 
10 classes of scattering functions have been identified. Two types of func- 
tions can be identified along with the classes: viz. gently sloping and 
steep with a deep minimum at y=110-120°. 

Fig. 2.18 shows the curves corresponding to different classes of 
functions [2]. Scattering angles in degrees are marked along the abscissa 
and values of normalized scattering functions along the ordinate. 


po (y) =e) (2.38) 


Tw 
Qn | Ho (y) sin y dy 
0 


In agreement with the normalizing condition, 


* ; 
J to (y) do=1. 
4x 
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The curve corresponding to the value of C=1 in Fig. 2.18 is obtained 
as the mean for 13 functions, measured at different times on the night of 
September 21-22, 1957 at Mt. Terskol at a height of Dyg=220 km. Curve 
1 is close to Rayleigh’s functions (curve la). Functions of one sloping 
type alone are included in classes 1-4 for C<3.5. The functions for 
C>3.5 may be looked on as sloping as well as of the steep type (curves 
5,6, etc). For C>5.6 (i.e. class 6) curves of the steep type have a maxi- 
mum close to y=140°, which is maintained. up to class 10 but decreases 
somewhat along the ordinate. 


prpni0-3 


1000 By — 
WS oe zi 
N RSE 
10 


30 30 150 ¢ 


Fig. 2.18, Scattering function of light in air (sloping type) [2]. 
1) results obtained in El’brus ; 1a) Rayleigh function for pure dry-air ; 2) class 2, 
sloping type ; 3) class 3, sloping type, etc. 


‘The function projects forward with the increase of parameter C. 
The division of the functions into two types has been brought about by 
the existence of two different types of aerosol in the atmosphere. The 
functions of a sloping type have been observed under continental condi- 
tions in-. the presence of. persistent mist. --The--appearance of: scattering 
functions of the steep type (curves 5-9) is caused by the presence of huge 
droplets.in air with diameters up to 20 4. Such functions may be obtained 
above oceans and seas. The functions of the steep type (curves 7, 8, 9) can 
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be observed under continental conditions before formation of mist at the 
time of scattering. 
The form of scattering functions in mist differs considerably from 
the form of those in fog. Scattering functions of a steep type with a 
maximum close to y=140° have been included in classes 6, 7, 8, 9 and 10. 
This type is represented by curves 6”, 7’, 8’, 9” and 10” in Fig. 2.19. 


2 pig)x1073 


150 9° 


Figs 2.19. Scattering curves of light on air (steep type with a maximum 
in the neighborhood of o=140° ) [2]. 


6”—class 6, steep type with a maximum ; 7’—class 7, steep type with a maximum, etc. 


The region of the first rainbow corresponds to a maximum in the 
neighborhood of y=140°, and the steps of curves observed in classes 
6’, 7” and 8” for y=120°-130° correspond to the region of the second 
rainbow. The values of these maxima depends on the relative proportion 
of huge droplets in the overall ensemble of particles suspended in the air. 

The point of interaction of the functions observed for a given trans- 
parency depends on the atmospheric transparency. The functions 
observed for a high transparency intersect in the vicinity of y—60°. 
In proportion to the increase in turbidity in the atmosphere the point of 
intersection of the functions starts shifting toward smaller angles. The 
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functions for strongly turbid atmosphere intersect in the vicinity of 30° 
or 20°. : 3 


Fig. 2.20 represents the dependence of the point of intersection of 
the functions on atmospheric transparency. 


on 
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Fig. 2.20. Dependence of the position of the point of intersection of scattering 
functions in light on atmospheric transparency [2]. 


With the exception of two extreme cases—almost ideal atmosphere 
and fog close to mist—the main mass of functions intersect in the neighbor- 
hood of y=45°. 

During.. measurements on scattering functions from the observations 
on brightness of the sky, Pyaskovskaya-Fesenkova was concerned with 
measurements at very large atmospheric transparency, so that the point 
of intersection of the functions in her case lay close to y=60°. 

The dotted line in Fig. 2.20 represents scattering functions of 
classes 3-9 according to Barteneva’s classification. The functions, drawn 
in points, were obtained by Foitzik and Zshaeck, and correspond to a 
specific class of the given classification. The slightly increased values of 
vo*(y) in the region of angles -90-130° for classes 3, 5, 6 and 7 in the 
case of Foitzik.as compared to the data of Barteneva can be explained by 
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the fact that in Foitzik’s experiments the observations of light scattering 
were carried out against the background of a hill covered with a forest, 
whose inherent brightness in the region of a minimum of the function could 
substantially increase the value of #)*(y). During measurements the 
background served as a perfectly black body. 

Normalized scattering functions u,*(y) for different classes through 
10° intervals are given in Table 2.35 [2]. 

There exists only a correlational dependence between the form of 
functions, characterized by the magnitude of parameter C, and meteoro- 
logical visual range, and, in turn, the attenuation index of the atmosphere. 
For any transparency the value Kya can change two and a half times, 
i.e. include three different classes of protruded curves ; moreover the 
limits of vibrations increase with increasing atmospheric turbidity. 

The form of scattering: functions is independent of geographical 
position. 

In obtaining scattering functions Yo (y) the data in Table 2.35 have 
to be multiplied by the corresponding attenuation index for which the given 
function is observed. . 
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$ SPECTRAL TRANSPARENCY OF REAL 
e ATMOSPHERE 


The absorption and scattering mechanisms of electromagnetic 
waves with frequencies in the optical range give rise to an emission spectrum 
of the atmosphere. The spectral transparency of the real atmosphere, 
brought about by the mutually overlapping emission spectra of selected 
optically active components, is a complex function of the frequency, 
concentration and partial pressure of the components, pressure and tem- 
perature of the médium in the optical path (cf. Ch. 2). The energy of 
solar radiation penetrating through the atmosphere in turn affects the 
chemical composition and the physical state of the atmosphere (i.e. its 
transparency). 

The main gases in the atmosphere, i.e. -nitrogen and oxygen, 
determine the existing radiative attenuation caused by molecular scattering 
in ultraviolet and visible regions of the spectrum, ‘Triatomic gases, which 
are generally found in the atmosphere in the form of small mixtures, such 
as water vapor, carbon dioxide and ozone, play an important role in the 
selective absorption of radiation. Secondary gaseous components such 
as hydrocarbons and oxides of. nitrogen (cf. Chs. | and 2) which are 
optically active make an appreciable contribution to the absorption of 
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infrared radiation. 

Variability in the concentration of water vapor and- ozone, and the 
concentration and the optical characteristics of aerosol under the influence 
of various interaction processes of the solar radiation field, atmosphere 
and underlying surface lead to fluctuations in spectral transparency. Phase 
transitions in water cause the most vital changes in the transparency of 
the troposphere (of the order of 10°). Turbidity in the atmosphere, 
which increases sharply with dew point (formation of mist), also changes 
at temperatures other than the saturation temperatures (moist fog), because 
of the presence of hydroscopic aerosol particles in the atmosphere. 

Changes in the turbidity of the atmosphere may occur under conditions 
of low relative humidity when dry aerosol particles of different origins are 
accumulated in the atmosphere. 

Variations in the chemical constitution, concentration and distri- 
bution of aerosol particles, together with a special “sensitivity” of 
transparency changes in the relative concentration of particles whose size 
is comparable to the wavelength, lead to changes in the spectral nature 
of transparency in the visible and near-infrared regions of the spectrum. 
The absence of reliable methods of standardizing the microphysical 
parameters of aerosol without destroying its. natural state (especially 
hygroscopic particles) allows only a qualitative systematization of spectral 
measurements. : ; 

_ A significant amount of information on aerosol attenuation at 
different altitudes has been obtained through observations on intensity of 
the scattered radiation of natural and artificial sources of light (rocket 
research methods of search-light or laser probing, observation on brightness 
of the horizon from space ships, and methods of twilight observation). 
These methods may be comparable but are very sensitive to the presence of 
aerosol components (which is important during the study of the upper 
layers of atmosphere). 

The inadequate resolving power of the spectroscopes is the chief 
obstacle in the study of selective transmission of radiation using atmospheric 
gases, and limits the means of obtaining information on the attenuation 
patterns of monochromatic radiation in the lines of the vibrational and 
rotational absorption bands of the optically active components. 

Results of investigations on unresolved emission spectra (averaged 
over spectral intervals), obtained under natural .as well as laboratory 
conditions, are widely used. Even though the patterns obtairied (emission 
function) do not in-reality describe the processes of selective transmission, 
they nonetheless permit us to solve a wide range of pure and applied 
problems connected with transfer of radiation in spectral intervals | of. 
different widths (cf. Ch’ 2). 

‘Because of the small extent and complexity of spectral siveuiustions 
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in practice use is made of a method of evaluating atmospheric transparency 
with a simple actinometric apparatus widely distributed in the network 
of the Hydrometeorological Service. The application of integrated 
‘apparatus is associated with the ambiguity in the values of spectral 
transparency, but data of statistical significance have been obtained. 

The fundamental problems connected with atmospheric eateparency 
have been discussed i in [15, 17, 24, 27, 30, 33, 47, 62]. 


Table 3.1 Index of refraction n of standard atmosphere for 
several values of temperature [112] 


T°C 
ay bE : 
—30 —I5 0 15 "30. 
0.20 1.00038406  1.00036174  1.00034187 1.00032408 —‘1.00030802 
0.23 36526 34403 32514 30821 29294 
0.26 35422 33363 31530 29889 28408 
0.30 34552 32544 30756 29156 27711 
0.35 33907 31936 30182 28611 27194 
0.40 33509 31561 29828 28276 26875 
0.45 33245 31312 29592 28052 26662 
0.50 33060 "31138 29428 27896 26514 
0.55 32995 31011 29308 27783 ~ 26406 
0.60 32824 30915 29218 27697 - 26325 
0.65 32746 ~ 30842 29148 27631 26262 
0.70 32684 30784 29093 27579 26213 
- 0.75 32634 30737 29049 27537 26173 
0.80 32594 30699 29013 27503 26140 
0.90 92533 30641 28959 27451 26091 
1.00 32489 30600 28920 27415 26056 
1.50 32387 30504 28829 27329 25974 
2.00 32351 30470 28797 27298 25940 
3.00 32326 30447 28775 27277 25925 
4.00 32317 30438 28767 " 27270 25918 
5.00 32314 30435 28763 27267 25915 
6.00 32311 30432 28761 27264 25913 
7.00 32309 30431 28760 27263 25912 
8.00 32309 30430 28759 27262 - 25912 
10.0 32308 30429 28758 27262 25911 
15.0 32307 30498 28757 27261 25910 


20.0 32306 30428 28757 27260 25910 


a a TS 
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1. ATTENUATION OF MONOCHROMATIC RADIATION 
AT VARIOUS INCLINATIONS IN THE ATMOSPHERE. 
OPTICAL MASS 


Attenuation of monochromatic radiation at various inclinations 
during its passage through the entiré atmosphere (not considering the 
influence of radiation and the form of scattering on the intensity of direct 
radiation) may be given-by the following formula: 


where the integration is carried over along the contour and fy = ky + a — 
bulk attenuation factor determined by absorption and scattering. 

The quantity { Bvedl = Tyv@total, Which is the optical thickness 
of the atmosphere in the direction of the source of light ; 


and Tv® total = > TON 
i=1 


where ty@;—optical thickness of i-th component of the atmosphere. 

' In order to compute optical thickness at various inclinations it is 
convenient to determine the optical thickness ty tote, for the vertical 
direction and then to recalculate it for any zenith angle @@ with the re 
of the table giving the values tv@totai/tvtotai= ™v (#@). 

“The quantity my (@) is the optical mass of the atmosphere and gives 
the-ratio of the optical thickness of the atmosphere along an inclination’ 
to the vertical optical thickness, which is equivalent to the ratio of the 
lengths of optical contours along these directions. 

The dependence of my upon frequency is determined by the frequency 
dependence of the refractive index of atmosphere n, whose computation in 
real atmosphere is complicated by the changes in its composition, tempe- 
‘ rature and pressure at different altitudes. 

The dependence of refractive index (refractive index N;) upon 
wavelength and atmospheric characteristics may be expressed numerically 
in the rite form [112] : 

= (=I) x 108 = CO)G(, Tae. Pe M, (3.2) 
with the. fee rf Sy aoe ees sss 


C(d) = 272.729 + —, 
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‘p[l + (1.049—0.0157T) px 10-*] 


oe 720.883 (1 + 0.003661T) 


1 
‘ e ( 0.0624 — 5-- 0.00068 ) 
hee (hy 1+ 0.003661 7 


where A = wavelength in u (A = , if vy is in cm-), p=pressure at 


10,000 
_ ¥ 


the given altitude in mm of Hg, #, = pressure at -ground level in mm . 
of Hg, T—temperature at the given altitude in °C, e—pressure of water 
vapor at the given altitude in mm of Hg. 

The values of the limits-of variation of refractive index for: nN = 0.34, 
where refraction is most noticeable, show that 

Nr max= 376 (at e=0, T=—50°C, p=800 cm of Hg) 

Nr min= 227 (at e=96 mm of Hg, T=+50°C, p=650 mm of Hg). 
The values of WN, between 200 and 400 are. taken for the computation, 

In order to compute optical masses for the visible region of the 
spectrum it is usually possible to neglect the dependence of the refractive 
index on wavelength and the variation of WN; with atmospheric conditions 
and to use N;=293.2 and compute refractive index n for white light from 
the following expression : 


m=1+2" , (3.3) 


0? 


where a= JV; x 10-*, p—density of the atmosphere at the given altitude, p,— 
density at the earth’s surface. 

The dependence of the optical mass of the atmosphere upon the 
zenith angle 9 for the spherical earth’s atmosphere is given by the approxi- 
mate expression : 


eee Oe ae (3.4) 
ang Sin FO 7 - 
where my — refractive index at ground level, 
r — radius of earth, 


H — altitude above the ess and 
Nig 


sin #@ dn 
Refr= HH 


eee ; 
Ray [ . 
I fie - (sar? ) sin’ 8@ 


The results of computations. for the entire atmosphere show that the 
following holds : 


(3.5) 
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1. Fort 9@<60° it is possible to neglect refraction and consider the 
atmosphere to be made up of parallel plane layers, when 


M=sSEC FO. (3.6) 


2. For 60<$@<80° it is possible to neglect refraction, but it is 
necessary to consider the curvature of the earth’s atmosphere 


paces Je cos” Bot hret Her cos #@ ; (3.7) 
0 


. @ 
where Hy—height of uniform atmosphere (H)= [-e dH= Saar ,E- 
0 0 
acceleration due to gravity). 
The following formula can be employed to a sufficient degree of 
accuracy: 


: 2.8 
m=sec 5-90-30)? . (3.8) 


° 3, For &@ >80° atmospheric refraction becomes substantial. Com- 
putations of optical masses considering refraction’ for standard atmosphere 
(Pp = 1000 mb, 7,=0°C) have been carried out by Bemporad [66]. 
Results of these calculations are given in Table 3.2. 


Table 3.2 Optical masses for different zenith angles YO) (66) 


0° 1.000 18° 1.052 36° 1. 1.698 
1 1:000 19 1.058 37 1.251 55 1.740. 
20 1.001 20 1.064 38 1.267 .| 56 1.784 
3 1.002 21 1.071 39 1.285 57 1.831 
4 1.002 22 1.078 40 1.304 58 1.882 
5 1.004 23 1.086 41 1.324 59 1.937 
6 1.005 24 1.094 42 ~. 1,344 60 1.995 
7 1.007 25 1.103 43 1.366 60°.1 "2.001 
8 1.010 26 1.112 44 1.389 60 .2 2.007 
9 1.012 27 1.122 | 45 1.413 60 .3 2.013 
10 1.015 28 1.132 46 1.438 60 4 2.019 
ll 1.018 29 1.143- | 47 1.464 | 60.5 2.025 
12 1.022 30 1.154 48 1.492° | 60 .6. 2.031 
13 1.026 31 1.166 49 1.522 60 .7 2.037 
4. 1.030. -]-..32-20 21.178 | 50... 1.5532... 60.8.2. 2.044... 
15 1.035 33 1.191 51 1.586 60 9. 2.050 
16 1.040. 34 1.205 52 1.621 61 0° 2.056 
17 1.046 35 1.220 53 1.658 61-1 2.062 


f=)) 
_ 

° 
nD 
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Table 3.2—Contd. 
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Table 3.2—Contd. 


%@ ™® %® me %@ me %6 m6 

0°.0 5.600 | 84°77 9.054 | 94°54’ ~~ 10.225 | a5s%41" 1.717 
80.1 «5.652 8 9.076 55 10.253 42 (11.753 
80.2 5.705 9  —-9.098 56 «10.281 43 «(11.790 
80.3 5.760 109.121 57 «10.310 44 (11,826 
80.4 5.816 ll 9.143 58 —«:10.338 45 ‘11.863 
80.5 5.873 12 9.166 59 «10.367 46 ‘11.900 
80.6 5.932 13. 9.189 | 85°O’ ~—«10.395 47. 11.937 
80.7 «5.992 14 9.212 1 10.424 48 11.974 
80.8 6.053 159.235 2 10.453 49 «12.012 
80.9 6.114 16 «9.258 3 10.483 50 ‘12.050 
81.0 «6.177 17 9.281 4 10.512 51 «(12.088 
81.1 6.241 18 9.304 5 (10.542 52 «12.126 
81.2 «6.306 19 «9,328 6 10.571 53 «12.164 
81.3 6.373. 20. 9.351 7 ‘10.601 54 «12.202 
Bl .4 «6.442 21 9.375 8 10.631 55 «12.241 
gl .5 «6.512 22 «9.399 9 10.661 56 —«:12.280 
81.6 6.583 23. «9.493 10 «10.691 57 —«:12.320 
81.7 «6.656 24 «9.447 il. 10.722 58 «12.359 
81.8 «6.730 25 «9.471 12 10.752 59 «12.399 
81.9 6.806 26 «9.495 13. 10.783 | 86°0’ _—«12.439 
82.0 6.884 27° -~—«9.520 14 «10.814 1 ‘12.480 
82.1 6.964 28 9.54 15 10.845 2 12.520 
82.2 —*7.045 29 9.569 16 «10.876 3 «12.561 
82.3 7.128 30 9.593 17 ‘10.908 4 12.602 
82.4 7.213 31 9.618 18 10.939 5 «12.643 
82.5: 7.300 32 9.643 19 —«:10.971 6 «12.685 
82.6 7.389 33 «9.668 20 11.003 7 12.727 
82.7 —*7<.481 34 «9.694 21 «11.035 8 «12.769 
82.8 7.574 35 «9.719 22 —-11.068 9 12.811 
82.9 7.670 36 «9.744 23 «11.100 10 «12.854 
83.0 —*7.768 37. «9.770 24 «11.133 11 -12.897 
83.1 «7.869 38 49.796 25 «11.166 12 «12.940 
83.2 ~—«*72.972 39 «9.822 26 «11.199 13. ‘12,983 
83.3 «8.078 40 «9.848 271.232 14 «13,027 
83.4 «8.186 41 9.874 28 «11.266 15 «13.071 
83.5 8.298 42 9.900 29 11.299 16 «13.115 
83.6 «8.412 43 «9.996 30 11.333 17 «13.160 
83.7 —«8.529 44 9.953 31 11.367 ig «13.204 
83.8 «8.650 45 9.979 32 «11.401 i9 «13.249 
83.9 ~—«8.773 46 —«:10.006 33 «11.435 20 «13.294 
84° Or ~~ 8.900 4710.03 34 11.470 21. 13.340 

1 8.922, 48 10.060 35 11.505 22 «13.386 

2 8.944 49 10.087 36 11.540 23 «13.432 

3 «8.966 50 10.114 37. «11.575 24 «13.478 

4 8.988 51 ‘10.142 38 «11.610 25 «13.525 

5 9.010 52 «10.169 39 «11.615. 26 «13.572 

6 «9.032 10.197 40 (11.681 27. ~—«13.619 
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Table 3.2—Contd. 


56 : Me %6 Me %® ™ o © 


86°28" 13.667 87°7’ 15.787 87°46’ 18.571 88°25’ 22.331 


29 13.715 8 15.849 47 18.653 26 =22.445 
30 13.763 9 15.912 48 18.736 27. =: 22.559 
31 13.812 10 15.975 49 18.820 28 22.674 
32 13.860 11 16.038 50 18.905 29 22.790 
33 13.909 12 16.102 51 18.990 30 22.980 
34 13.959 13 16.166 52 19.076 31 23.026 
35 14.009 14 16.231 53 19.162 32 23.146 
36 14.059 15 16.296 54 19.249 33 23.266 
37 14.109 16 16.362 55 19.337 34 23.387 
38 14.160 17 16.428 56 19 426 35 23.510 
39 14.211 18 16.494 57 19.515 36 23.633 
40 14.262 19 16.561 58 19.605 37 23.758 
41 14.314 20 16.629 59 19 696 38 23.884 
42 14.366 21 16.697 88°0’ = - 19.787 39 24.011 
43 14.419 22 16.765 1 19.879 40 24.139 
44 14.471 23 16.834 2 19.971 41 24.268 © 
45 14.524 24 16.903 3 20.065 42 24.398 
46 14.578 25 16.973 4 20.160 43 24.529 
47 14.432 26 17.044 5 20.255 44 24.662 
48 14.686 27 17.115 6 20.351 45 24.796 
49 14.740 28 17.187 7 20.448 46 24.931 
50 14.805 29 17.259 8 20.545 47 25.068 
51 14.860 30 17.331 a) 20.643 48 25.205 
52 14.906 31 17.404 10: 20.742 49 25.343 
53 14.962 32 17.478 ll 20.842 50 25.483 | 
54 15.018 33 17.552 12 20.943 51 25.625 
55 15.075 34 17.627 13 21.045 |. 52 25.767 
56 15.132 35 17.702 14 21.147 53 25.911 
57 15.190 36 17.778 15 21.250 54 26.057. 
58: 15.248 37 17.855 16 21.355 55 26.203 - 
59 15.306 38 17.932 | 17 21.460 56 26.351 
87°90’ ~—s-15.365 39 18.010 18 21.566 57 26.501 

1 15.424 40- «18.088 19 21.672 58 26.652 
2 15.483 41 18.167 |- 20 21.779 59 26.805 
3 15.543 42 18.247 21 21.888 89°0' —s-26..959 
4 15.603 43 18.327 22 21.997 

5 15.664 | ~° 44 18.408 23 22.108 

6 


15.725 45 18.489 24 22.219 
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For the computation of optical thickness of a spherical shell, located 
at an altitude H above ground level, the following expression may be used: 


H, 
lg e'dH 
mgo)e—t_[ =H gy 
H, ali-(sox® ) sin? 8@ 
A, 
where x= [evar (ep’—concentration of the substance, attenuating 
A, 


radiation). 


For #@ <60° formula (3.9) leads to the relation 
‘m (9@)=sec F@ (3.10) 


For 60<%@<80° consideration of curvature of the atmosphere 
alone leads to the following 


n ($0) =———_———__————— (3.11) 


I sin? 3@ 
i “ar i, 2 
(144 


where H,—height of the lower boundary of the layer. 
For the ozone layer computations of the function m(h@) are given 
in Table 3.3 [18]. 
_ “Absolute” optical masses are also used in actinometry besides relative 
optical masses m and m (:9@) defined by 


eee anne (3.12) 


where fPy= 1000 mb. : 

It should’ be noticed that the introduction of optical thickness at 
normal pressure can be justified only in the case of a direct relation of the 
attenuation factor (e.g. caused by molecular scattering) to pressure, as 
well as in the consideration of an exponential distribution of attenuating 


components. 
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Table 3.3. Optical mass of spherical (ozone) Ilsyer m@® (h@) depending on 
apparent solar altitude 4@° [18] 


10.0 
10.1 
10.2 
10.3 
10.4 
10.5 
10.6 
10.7 
10.8 
10.9 
11.0 
Mit 
11.2 
11.3 
11.4 
11.5 
11.6 
11.7 
11.8 
11.9 
12.0 
12.1 
12.2 
12.3 
12.4 
12.5 
12.6 
12.7 
12.8 
12.9 
13.0 
13.1 


13.2 


13.3 
13.4 
13.5 
13.6 
13.7 
13.8 
13.9 


22.4 
22.5 
22.6 
22.7 
22.8 
22.9 
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23.7 


23.8 


- 24.5 
24.6 
24.7 


25.0 
25.1 
25.2 
25.3 
25.4 
25.5 
25.6 
25.7 
25:8 
25.9 
26.0 
26.1 
26.2 
26.3 
26.4 
26.5 
26.6 
26.7. 
26.8 
26.9 
27.0 
27.1 


Q7.2° -— 


27.3 
27.4 
27.5 


Table 3.3—Contd. 
hg Me ho 
27.6 2.130 * 32.2 
27.7 2.123 32.3 
27.8 2.117 32.4 
27.9 2.110 32.5 
28.0 2.104 32.6 
28.1 2.097 32.7 
28.2 2.090 32.8 
28.3 2.083 32.9 
28.4 2.077 33.0 
28.5 2.070 33.1 
28.6 2.064 33.2 
28.7 2.058 33.3 
28.8 2.052 33.4 
28.9 2.045 33.5 
29.0 2.039 33.6 
29.1 2.033 33.7 
29.2 2.027 33.3 
29.3- 2.020 33.9 
29.4 2.014 34.0 
29.5 2.008 34.1 
29.6 2.002 34.2 
29.7 1.996 34.3 
29.8 1.990 © 34.4 
29.9 1.985 34.5 
30.0 1.979 34.6 
30.1 1.973 34.7 
30.2 1.967 34.8 
30.3 1.961 34.9 
30.4 1.956 35.0 
30.5 1.950 35.1 
30.6 1,944 35.2 
30.7 1.938 35.3 
30.8 1,933 35.4 
30.9 1.927 35.5 
31.0 1.922 35.6 
31.1 1.917 35.7 
31.2 1.912 35.8 
31.3 1.907 35.9 
31.4 1.901 36.0 
31.5 1.896 36.1 
31.6 1.891 36.2 
31.7 1.885 36.3 
31:8 1.880 36.4 
31.9 1.875 36.5 
32.0 1.870 36.6 
32.1 1.864 36:7 
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Table 3.3—Contd. 


42.5 1.473 ‘| 47.1 1.361 51.7 1.271 | 563 1.200 
42.6 1.471 47.2 1.359 51.8 1.269 56.4 1.199 
42.7 1.468 47.3 1.357 51.9 1.268 56.5 1.197 
42.8 1.465 47.4 1.354 52.0 1.266 56.6 1.196 
42.9 1.463 47.5 1.352 52.1 1.264 56.7 1.194 
43.0 1.460 47.6 1.350 52.2 1.263 56.8 1,193 
43.1 1.457 47.7 1.348 52.3 1.261 56.9 1.192 
43.2 1.454. 47.8 1.346 52.4 1.259 57.0 1.190 
43.3 1.452 47.9 1.344 52.5 1.258 57.1 1.189 
43.4 1.449 48.0 1.342 52.6 1.256 57.2 1.188 
43.5 1.446 48.1 1.340. | 52.7 1.254 57.3 1.186 
43.6 1.444 48.2 1.338 52.8 1.253 57.4 1,185 
43.7 1.441 48.3 1.335 52.9 1.251 57.5 1.184 
43.8 1.439 48.4 1.333 53.0 1.250 57.6 1.182 
43.9 1.436 48.5 1.331 53.1 1.248 57.7 1.181 
44.0 1.434 48.6 1.329 53.2 1.246 57.8 1180 
44.1 1.431 48.7 1.327 53.3 1.245 57.9 1.179 
44.2 1.429 . 48.8 1.325 53.4 1.243 58.0 1.177 
44.3 1.426 48.9 1.323 53.5 1.242 58.1. 1.176 
44.4 1.424 49.0 1.321 53.6 1.240 58.2 1.175 
44.5 1.421 49.1 1.319 | 53.7 1,238 58.3 1.173 
44.6 1.419 49.2 1.317 53.8 1.237 58.4 1.172 
44.7 1.416 49.3 1.315 53.9 1.235 58.5 1.171 
44.8 1.414 49.4 1.313 54.0 1.234 58.6 1.169 
44.9 1.412 49.5 1311 54.1 1.232 | 58.7 1.168 
45.0 1.409 49.6 1.310 54.2 1.231 | 58.8 1.167 
45.1 1.407 49.7 1.308 54.3 1.229 58.9 1.166 
45,2 1.404 49.8 1.306 54.4 1.227 59.0 1.165 
45.3 1.402 49.9 1.304 54.5 1.226 59.1 1.164 
45.4 1.400 50.0 1.302 54.6 1.224 59.2 1.163 
45.5 1.397 ‘50.1 1.300 54.7 1.223 59.3 1.161 
45.6 1.395 50.2 1,298 54.8 1.221 59.4 1.160 
45.7" 1.392 50.3 1.296 54.9 1.220 59.5 1.159 
45.8 1.390 50.4 1.295 55.0 1.218 59.6 1.158 


45.9 1.388 50.5 1.293 55.1 1.217 59.7 1.157 
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Table 3.3—Contd. 


ho me ho me he 
59.8 1155 | 63.7 iu4 | 676 
59.9 1.154 | 63.8 1113 | 67.7 
60.0 1.153 | 63.9 1112 | 678 
60.1 1.152 °| 64.0 Lit | 679 
60.2 1151 | 641 Lin | 68.0 
60.3 1150 | 642 1110 | 68.1 
60.4 1.149 | 643 1103 | 68.2 
60.5 1147 | 644 1.107 | 68.3 
60.6 1146 | 64.5 1.107 | 68.4 
60.7 1145 | 646 1.106 | 68.5 
60.8 1144 | 647 1105 | 68.6 
60.9 1.143 | 648 1104 | 68.7 
61.0 1142 | 649 1.103 | 68.8 
61.1 1.141 65.0 1102 | 68.9 
61.2 1.140 | 65.1 1101 | 69.0 
61.3 1.139 | 652 Lio1 | 69.1 
61.4 1138 | 653 1100 | 69.2 
61.5 1.137 | 65.4 1.099 | 69.3 
61.6 1135 | 65.5 1.098 | 694 
61.7 1.134 | 65.6 1.097 | 69.5 
61.8 1.133 | 65.7 109 | 696 
61.9 1.132 | 65.8 1.095 | 69.7 
62.0 1.131 | 65.9 1.095 | 698 
62.1 1.130 | ‘66.0 1.094 | 69.9 
62.2 1.129 | 66.1 1.093 } 70.0 
62.3 1128 | 66.2 1.092 | 70.1 
62.4 1.127 | 66.3 1.091 | 702 
62.5 1.126 | 66.4 1.090 | 703 
62.6 1.123. | 66.5 1.090 | 704 
62.7 1124 | 66.6 1.089 | 70.5 
62.8 1.123 | 66.7 088 | 70.6 
62.9 1.122 | -66.8 1.087 | 70.7 
63.0 L121 | 66.9 1.086 | 70.8 
63.1 1.120 | 67.0 1.085 | 709 
63.2 1119 | 67.1 1.085 | 71.0 
63.3 11a | 672 1084 | 714 
63.4 1117 | 67.3 1.083 | 71.2 
63.5 1116 | 674 1082 | 71.3 
63.6 115 | 67.5 1.082 } 714 
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2. SELECTIVE ABSORPTION IN CASE OF 
INHOMOGENEOUS ATMOSPHERE 


2.1. Method of reduced absorbent masses 


The computation of absorption (cf. Ch. 2) in a nonuniform direction 
while introducing a somewhat reduced (effective) mass of absorbent gas 
ett possessing equivalent absorption in the case of homogeneous direction . 
with fixed p and T can be accomplished, if the absorption coefficient 
ky (pT) is represented in the form 


ky (p, T) = (p, T) $ (VJ=H(T) 6 (HY), (3.13) 


although this is not possible in the general case of a Lorentzian contour. 
Then the amount of absorption is determined -not as a function of these 
parameters but as a single parameter ue and the optical -thickness of 
the nonuniform path <(v) may be expressed as follows : 


#(v)=uetr Q (bor Tos ¥)s (3.14) 


where Q—absorption’ function under standard conditions of fg and 7, 
and werr is expressed as a function of p and T as follows : 


ter =sec SO | ss un) ( 2Go) nin y dH. (3.15) 


The value of the parameter m depends upon the amount of absorption. 
In weak absorption, when the spectral lines do not overlap, total absorption 
is proportional to the quantity of the substance and does not depend upon 
pressure, and in this case m=0. The values of m and n for distinct bands 
are given in Ch. 2. 


2.2 Approximation with two parameters 


The method of two-parameter approximation is based on the selection 
of mean pressure and the amount of absorbent gas in the equivalent 
homogeneous path. Not only the intensity but the width of absorption 
lines are selected-in such a manner that the most accurate results can be 
obtained in the regions where the approximation of weak and strong lines 
is justified. Because of this the transitional regions can‘be studied more 
accurately [17]. 
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A nonuniform layer may be substituted by a homogeneous one to be 
found at constant weighted mean pressure perry and temperature Ty. 

Optical thickness in a nonuniform course t(¥) can be replaced by 
the following expression: 


* (v)=u' err Q (pete, ’); (3.16) 
where 
Ae, : 
isn eeees ( ex (H) dH, (3.17) 
A, 
Hayy 
S(T) pa (H) p (H) dH 
H, ' 
Ca = ge ’ (3.18) 
ea (H) dH 
An 


function f(T) represents the dependence of absorption upon temperature 
(cf. Ch. 2). 

In [17] the conditions of the application of two-parameter approxi- 
mation to real atmosphere for a statistical absorption model have been 
examined. It has been found that the application of this approximation 
is not suitable when, a-large, part of the absorbent gas (e.g. ozone) lies 
under low pressure. For cases where the mixing ratio decreases with 
altitude as well as when the mixing ratio is constant (assuming stratification), 
this approximation is in close agreement with accurate numerical compu- 
tations of ratio-of mixtures and pressure within a wide range. Reference 
[24] demonstrates the applicability of the method of weighted mean 
pressure in the interval between regions where the approximation of weak 
and strong lines is justified in narrow (0.1) as well as in wide segments 
of the spectrum. , 


3: ATMOSPHERIC TRANSPARENCY CAUSED BY 
MOLECULAR SCATTERING 


; ‘It is possible.to express optical thickness of dry and pure atmosphere 
considering molecular scattering in the following manner: 


7 tama=ny | PB Amoi (A). dH, (3.19) 
H 
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where Bamo1—volume attenuation coefficient caused by molecular scatter- 


ing: f= aaa Pa is the anisotropy coefficient approximately equal to 1.061 
(eases factor, whose mean value for atmosphere p»p=0. 037). 

Optical thickness for a vertical column of uniform atmosphere may 
be expressed as follows : 


TW nor Pod ne Lo, =fHooa mol, (3.20) 


where fy and p, are the pressure and density of the layer of the atmosphere 
near the. earth’s surface, respectively, g—acceleration due_ to gravity ; 
H,—altitude of homogeneous atmosphere. 

Considering the explicit dependence of optical thickness on wave- 
length, F. Linke gave an approximate expression for the optical thickness 
.of a vertical column of dry and pure atmosphere as follows : 


1)mo01=0.00879 A-4-09, (3.21) 


where A—wavelength in micrometers. ° 

Table 3.4 gives computed values of optical thickness t, mo, of a 
vertical column of dry and pure atmosphere in the spectral range 0.28- 
2.17, which were used in the 1968 model [79]. Computations were 
carried out for a layer of 80 km. 


Table 3.4 Spectral transparency in vertical thickness of 
dry and pure atmosphere [79] 


au Amol as u Thiol 
0.28 1.545 0.60 0.069 
0.30 1.222 0.65 0.050 

0.32 0.927 0.70. 0.037 
0.34 0.717 6.80 0.021 
0.36 0.564 0.90 0.013 
0.38 0.450 1.06 0.007 
0.40 0.364 1.26 0.003 
0.45 0.223 1.67 0.001 
0.50 0.145 | 2.17 0.000 
0.55 0.098 


ee 
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Table 3.5 Values of 1) mo; at different altitudes in NO, atmosphere (76) 


hkm 4=0.375 p 4=0.520 » 4=0.835 
0 0.4542. 0.1181 - 0.017315 
2 0.3566 0.0927 0.01360 
4 0.2770 - 0.0720 0.01056 
6 0.2127 0.0553 0.00811 
8 0.1608 0.0418 0.00613 
10 0.1196 0.0311 _ 0.00456 
12 0.0879 0.02285 0.00335 
16. 0.0473 0.0123 0.001805 
20 0.0255 0.00663 0.000972 
24 0.0138 0.00358 0.000524 
30 0.00546 0.00142 0.000209 
50 0.00043 0.00011 0.000017 
70 0.000037 0.0000095 0.0000014 
100 0.00000022 0000000058 0.0000000085 — 


Optical thicknesses of NO, atmosphere at different altitudes between 
0 and 100 km have been computed for three wavelengths: 0.375, 0.520, 
0.835 p and are given in Table 3.5 [76]. 

There is a change in the value of tamo1 comprising 1% at ground 
level and 4-6% at an altitude of 8 km [76] brought about by the 
variation in parameters which determine optical thickness,. (magnitude 
of tamot. has a maximum value in summer). The values of optical 
thickness of atmosphere for altitudes ranging from 0-30 km in the interval 
of wavelength 0.3-1.3 u are given in [109, 110]. 

Table 3.6 gives the value of volume attenuation coefficient tamot in. 
the range 0.27-4 1 computed for layers of atmosphere of width 1 km up 
to an altitude of 50 km [79]. 

In actual practice the solid angle of sensitivity of any radiation 
receiver is Aw 0, so that not only direct attenuated radiation but also 
radiation scattered-- by the- medium fall ‘on: the receiving plane. The- 
scheme of the scattering process is given in Fig. 3.1. The amount of 
contribution from scattering is of. interest in this case. The contribution 
of double-scattering of light to the. intensity of direct attenuated radiation 
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depends upon wavelength, albedo, incident angle #@ of radiation with 
intensity Jy, falling on a layer of atmosphere of optical thickness tamol- 
The scattered radiation J, and J, enter the receiver along with’ direct 
radiation Iq attenuated by the medium. The equation of monochro- 
_ matic radiative transition in this case has the following form : 

Fy=F), exp [(- ic) + (ay t+taa) A o| , (3.22) 
where Fy)g=7J,9—flux of monochromatic radiation on the boundary of the 
layer. — 


af N 
Id 144 V7 


Fig. 3.1. Contribution of maltiple scattering to the 
flux of direction radiation. 


N 


D. Deirmendjian and Z. Sekera [71] carried out computations at - 
1> cos #@ > 0.2 for wavelength 0.809n > AD 0.312 p, uniquely 
connected with optical thickness 0.02 € tamoi1 < 1.00. Two values: 0.25 
and 0.8 of albedo were considered. Selected results of the computations 
for the limiting parameters are given in- Table 3.7. The magnitude of 
flux F, is normalized to unity. 

Recently a lot of research work has been published in connection with 
effects playing a secondary role in the process of molecular attenuation. 
Thus in [73] the values of scattering up to the 13th order (A=0.3120u) 
have been derived. The problems of multiple scattering, influences of 

temperature on molecular attenuation and effects of absorption in 
molecular atmosphere have been investigated in [72, 73, 82, 96]. 
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Table 3.6 Distribution of attenuation coefficient 8) mo) km~! 


Hkm : yal 
. 0.27 0.28 0.30 0.32 0.34 
0 2.282x 10-2 1.948x 10-1 1.446x 10-1 =—-1.098x 10-1 8.492 x 10-# 
2 1.875 1.600 1.188 9.020 x 10-2 6.979 
4 1.527 1,303 9.672 x 10-2 7.342 5.680 
6 1.230 1.050 7.792 5.915 4.576 
8 9.795x10-2 8.359 10-2 6.207 4.712 3.645 
10 7.703 6.574 4.881 3.705 2.867 
12 5.811 4.959 3.682: 2.795 2.162 
14 4.245 3.623 2.690 2.042 1.580 
16 3.101 2.647 1.965 . 1.492 1.154 
18 2.266 1.934 1.436 1.090 8.433 x 10-4 
20 1.656 1.413 1.049 7.966 6.164 
22 1.202 1.026 7.614.x 10-8 5.780 4.472 
24 8.744 10-2 7.461 x 10-8 5.540 4.205 3.254 
26 6.381 5.446 4.043 3.069 _ 2.375 
28 4.671 3.986 2.960 2.247 1.738 
30 _ 3.430 2.927 2.173 1.649 1.276 
32 2.525 2.155 1.600 1.214 9.397 x 10-4 
34 1.842 1.572 1.167 8.859 x 10-+ 6.854 
36 1.352 1.154 8.566 x 10-4 6.503 5.031 
38 9.997x10-* 8.531 10-6 6.334 4.808 3,720 
40 7.443 6.352 4.716 3.580 - 2.770 
42 5.579 4.761 3.534 2.683 2.076 
44 4.208. 3.591 2.666 | 2.024 1.566 
46 3.193 3.725. - 2.023 1.536 1.188 
48: 2.453 2.093 1.554 . 1.180 9.128 x 10-8. 
50 1.913 - 1.632 1.212 9.201 x 10-5 7.119 
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with altitude, caused by molecular scattering [79] 


dy 
0.36 0.38 - - ~- 040--- --- 045 -- -- -0.50 0.55 


6.678x 10-2 -5.327x 10-2 9=94.303x 10-2 = 2.644 10-2 1.716 x 10-? 1.162 x 10-8 


- 5.487 4.377 3.536 . 2.173 1.410 9.552 x 10-8 
4.467 | 3.563-. 2.878 1.769 1.148 7.775 
3.599 2.871 2.319- 1.425 9.246 x 10-3 6.264 
2.866 2.286 ° 1,847 ~ 1.135 - 7.364. - 4.989 
2.254 ° 1.798 1.452: 8.926 x 10-3 5.792 . 3.924 
1.701 1.356 1,096.- ° 6.734 4.369 2.960 
1.242 9.908 10-2 8.003. x 10-3 4.919 3.191 2.162 

9.075 10-3 7.239 ° 5.847 3.593 2.332 1.580 
6.632 5.290- 4.273 2.626 1.704 .: 1.154 

4.847 3.866 3,122 1.919 1.245 8.436 x 10-4 

3.517 2.805 2.266 1,392 9.034 x 10-4 6.121 

> 2.559 2.041 . 1.648 1.013 6.573 4.453 
1.868 -1.489 1.203 7.394 x 10-4 4.797 3.250 
1.367. 1,090 8.807 x 10-3 5.412 3.512 ~ 2.379 
1.004 8,004 x 10-4 “6.465 3.973 2.578 1.747 

7.390 x 10-4 5.893 4.760 "2.926 1.898 1.286 
5.391 4.299 3.472 2.134 1.385 9.381 x 10-5 
3.957 3.156" 2.549 1.566 1.016 6.886 

2.926 2.333: ° 1,885 1.158 7.516x 10-8 5.092 

_ 2.178 1.737 . 1,403 8.624 5.596 3.791 
1.633 1.302 1.052 - 6.464 4.194 _ 2.841 
1.232. 9.821x10-§ 7.933 10-8 4.875 3.163 2.143 

9,345 x 10-5 7.453 6.020 3.700 2.400 1.626 

7.179 . 5.725 . 4.624 2.842 >. 1.844 1.249 


5.598 4.465 3.606 . 2.216 . 1.438 ©. 9.746 x 10-* 
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Table 3.6—Contd. 


4H 
Hkm 
0.60 0.65 0.70 0.80 0.90 
0 B.157x10-*  5.893x 10-9 4.364 10- 2.545 10-2 1.583x 10-2 
2 6.703 4.842 3.586 2.091 1.300 
4 5.456 3.941 “2.919 1.702 1.058 
6 - 4,396 3.175 2.352 1.371 8.528 x 10-! 
8 3.501 2.529 1.873 1.092 6.792 
10. 2.753 1.989 1.473 8.590x10-! 5.342 
12 2.077 1.500 Li 6.480 4.030 
14 1.517 1.096 8.117 10-8 4.733 2.944 
16 1.109 8.007 x 10-4 5.930 3.458 2.151 
18 8.100x 10-4 5.851 4.334 2.527 1.572 
20 5.920 4.276 3.167 1.847 1.148 
22 4.295 3.103 2.298 1.340. 8.333 x 10-8 
“24 ~ 3.125 2.257 1.672 9.749 x 10-5 6.063 
26 2.281 1.648 - 1.220 7.115 4.425 
. 28 1.670 1.206 8.932 x 10-5 5.208 3.239 
30 1.226 8.854 x 10-5 6.557 - 3,824 2.378 
32 9.025 6.519 4.828 2.815 1.751 
34 6.583 4.755 3.522 2.054 1.277 
35 4.832 3.491 2.585 1.507 9.375 x 10-8 
38 3.573 2.581 1.912 ‘LAS 6.932.° 
40 2.660 1.922 1.423 8.299 x 10-8 5.161 
42 1.994 .. 1.440 1.067 6.220 3.868 
44 1.504 1.086 8.046 x 10~* 4.692 2.918 
46 1.141 8.244x10-§ = 6.105 3.560 2.214 
48 8.766 x 10-8 6.333 4.690 2.735 2.214 
50 6.837 4.939 3.658- 2.133 1.326 


DE 
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Table 3.6—Contd. 


ian 


1.06 - 1.26 1.67 2.17 3.50 4.00 


8.458x 10-4 4076x104 =—:1.327x10-* = 4.586 10-5 = 6.830 x 10-* — 4.002 x 10-* 


6.950 _ 3.349 1.091 3.768 5.612 3.289 
5.657 2.726 8.877x10-§ 3.067. 4.568 2.677 
4.558 2.196 7.152 2.471 3.680 2.157 
3.630 1.749 5.697 1.968 2.931 1.718 
2.855 1.376 4.480 1.548 2.305 1.351 
2.154 1,038 3.380 1.168 1.739 1.019 
1.573 7.582 x 10-8 2.469 8.529 x 10-8 1.270 7.444 x 10-7 
1.149 5.539 1.804 6.231 9.281 x 10-7 5.439 

8.399 x 10-5 4.048 1.318 4.554 6.782 3.974 
6.138 2.958 9.632 x 10-* 3.328 4,956 2.904 
4.453 2:146 6.989 2.415 3.596 2.107 
3.240 1.562 5.085 1.757 2.617 1.533 
2.365 1.140 - 3.711 1.282 _ 1.910 1.119 
1.731 8.343 x 10-8 2.717 9.385 x 10-7 1.398 8.191 x 10- 
1.271 6.125 1.994 6.890 1.026 6.014 

9.357 x 10-8 4.510 1.468 5.073 8.803 x 10-8 4.428 
6.826 3.289 1.071 3.701 6.452 3.230 
5.010 . 2.415 7.862 x 10-7 2.716 4.718 ’ 2.371 
3.705 1.785 5.814 2.009 2.992 1.753 | 
2.758 1.329 4.329 1.495 2.227 1.305 
2.067 "9.963 x 10-7 3.244 1.121 1.669 9.783 x 10-° 
1.559 7.515 2.447 8.454 x 10-8 1.259 7.379 
1.183 5.703 1.857 6.416 9.556x10-° 5.599 

9.089 x 10-7 4.380 1.426 4,928 7.340 4.301 
7.089 3.416 1.112 3.843 5.724 . 3.354 


SS 
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Table 3.7 Contribution of second order scattering to radiation flux rJ, = F, 
preceding layer in a plane parallel to molecular atmosphere (limiting values) [71] 


: 7 2 S a= 0.809 p A= 0.312 p 
ee Albedo ee. 9 

. Fn 7 = 0.02 «= 1.00 
In- — 1 0.024 0.0979 
_ 0.2 0.0129 0.0242 

nlq es 1 0.9802: 0.3679 - 
_ 0-2 0.9048. 0.0067 
Inning: — 1 0.0025 0.2661 
a 0.2 0.0142 3.5982 
I,|nIq 0.25 1 0.0008 . . - 0.0547 
0.2 0.0008 0.6045 
0.80 1 0.026 0.2419 


0.2 0.0026 0.6749 


4. AEROSOL ATTENUATION IN REAL ATMOSPHERE 


4.1 Spectral transparency in a homogeneous 
direction due to aerosol scattering 
and absorption . 


Insufficient investigation of the microphysical parameters of aerosol 
in the case of less turbid atmosphere and the variation of these parameters 
show that the results of aerosol attenuation obtained on the: basis of an 
approximate model of systems’ of aerosol particles (cf. Ch. 2) can be used 
only: for a qualitative evaluation -of the spectral transparency in a real 
atmosphere. The main volume .of quantitative information has so far 
been based on direct optical investigation of spectral transparency of real 
atmosphere, although a specification of localized conditions makes the 
task of generalization of data difficult. 

Aerosol attenuation is determined not only by its scattering but also 
by its absorbing properties. As distinct from the attenuation patterns 
in water droplets (cf. Ch. 2), the absorptive properties of dry aerosol of 
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varying chemical composition have been studied even less [74, 99, 113]. 
The ambiguity of the question shows that the absorption of atmospheric 
aerosol in the visible region of the spectrum is normally not taken into 
consideration (scattering coefficient dager is formally equated to attenuation 
coefficient Bger) or else is evaluated arbitrarily, although it follows, for 
instance, from Table 3.8, that the contribution of absorption can be quite 
considerable. 


Table 3.8 Dependence on the wavelength of the ratio of optical 
thickness of aerosol absorption to the total optical thickness [34] 


Wavelength, uz 


Substance _ 

0.398 0.496 0.556 0.696 0.977 
Meteorite ‘Elenovka’’ 0.021 0.027 0.033 0.024 0.030 
Meteorite ‘‘Saratov”’ 0.053 0.080 0.048 0.046 0.055 
Lava (red) 0.039 - 0.075 0.192 0.030 0.018 
Lava (gray) 0.039 0.088 0.078 0.096 0.074 
Graphite 0.409 0.320 0.383 0.378. 0.537 
Soot 0.518* 0.503 0.458 0.415 0.314 
Coal slag 0.311* 0.331 0.294 0.249 0.289 
»Room dust 0.134* 0.099 0.056 0.080 0.026 
Cement 0.095" 0.144 0.055 0.055 0.041 
Clay 0.071%. 0.039 0.041 0.034 0.025 
‘Sand 0.101* 0.130 0.130 0.061 0.044 


Remarks: Asterisks denote magnitudes relating to A = 0.405 up. 


Table 3.8, taken from [34], shows the results of laboratory investi- 
gation on absorption of aerosol from various origins in the range 398-977 nm. 
In [34] it was observed that a systematic error in the computation 
of the optical path in the scattering medium allows us to evaluate only the 

. upper limit of the ratio of the optical thickness of aerosol absorption to the 
total optical thickness caused by scattering and absorption. 

In spite of the wide variation in the optical density of the atmospheric 
layer at the earth’s surface, primarily determined by the condensation 
processes (10-?<Baaer<104 km-1), many problems require the eva- 
luation of mean values Baer of semiturbid atmosphere. , 

Table 3.9 gives the magnitude of Brser at sea level for the atmospheric 
layer above the ground in the region 0.27-4.0u for a mean meteoro- 
logical visual range of 25 km (model of 1968) [79]. 

The complicated investigation of optical characteristics of the 
atmosphere above the ground in the region of Zvenigorod (near Moscow) 
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Table 3.9 Aerosol attenuation coefficient {ser at sea level 
in atmospheric layer above the ground for mean meteorological 
visual range Sy, = 25 km [79] 


Ay 0.27 0.28 0.29 0.30 0.32 0.34 0.36 0.38 0.40 0.45 0.50 
Baser km 0.29 0.27 0.26 0.25 0.24 0.24 0.23 0.20 0.180 0.167 0.158 
A,B 0.55 0.60 0.70 0.80 0.90 1.06 1.26 1.67 2.17 3.50 4.00 


Baser km-? 0.150 0.142 0.135 0.127 0.120 0.113 0.108 0.098 0.083 0.070 0.063 


for visual range 0.1-130 km and in a wide range of variations of relative 
humidity [16, 53] shows that it is possible to distinguish many types of 
of optical ‘‘weather”’ in the optical states of atmosphere. 

The following are the main types of optical states of air : 

1. Haze. Caused by a rise in the concentration of dry aerosol of 
different origins in the atmosphere (smoke, dust and aerosol of volcanic 
origin) ; this has been insufficiently studied. ~ 

2. Dry haze. Most often occurs in the atmosphere immediately 
“ above the earth’s surface (probability 90%). The visual range is not less 
than 3-5 km. In case of relative humidity up to 30% the optical density 
of fog (Baer<0.05 km~!) can be-determined by the dry portion of aerosol, 
whereas an expansion of particles occurs in case of higher values of humidity 

(probably a mixing of the upper boundary of the size distribution of 
. particles varying in dimension from 0.07-0.08 pu to 0.2-0.25 py). 

3. Misty fog. Visual range 1-5 km. It may be observed at relative 
humidity 80-99%, caused by condensational growth of large (obviously, 
hygroscopic) particles, exhibiting a wide spectrum of size distribution 
with a maximum in the region 1-5 yu. There probably occurs a simul- 
taneous growth in fog particles (supposedly Aitken’s nuclei). It is 
characterized by different spectral dependecies of Garner in the visible and 
near-infrared regiori of the spectrum and by a wide range of changes in 
optical density. 

_ 4. Fog (clouds). Visual range does not exceed 1-2 km. Fog 
is caused by intense growth in drops of water in the region of dew point. 
The effective size of particles of fog varies from 5-6 up to 30 u depending 
on conditions. The spectrum of Braer does not depend on wavelength in 
the visible region. The transitional processes between misty fog and heavy 
fog are unstable. Fog is characterized by a significant fluctuation of 
optical density. ; 

5. Haze with drizzle. It is haze impregnated with drizzle falling 
from the clouds lying above. The meteorological visibility range can be . 
different—from 1 to 10km: It possesses the same optical properties 
as fog, or large drops of water (rainbow, halo). Effective radius of 
the drops exceeds 50 nu. 
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Fig. 3.2 shows the spectral relations of Ayser which are charac- 
teristic for different types of optical weather. The variation of atmospheric 
transparency with time and with respect to wavelength (in particular 
the development of misty fog) is traced. 


0.4 #05 0.6 07° 08 09 10A py 


Fig. 3.2. Spectral relations. of Bias characteristic for different 

: types of optical weather. Zvenigorod [53]. 
a) moist haze; b) misty fog; c) sample of variation of 8) ger in time. 
October 30-31, 1965. Relative humidity 92-97%, : 


1—15 hrs 29 min, 2--19 hrs 30 min, 3—2I hrs 30 min. 
4—3 hrs 30 min, 5—7 hrs 00 min. 


Direct measurements of optical thickness of aerosol in the long 
wavelength region of the spectrum (A>I1u) are possible only in selected 
ranges of transparency windows while considering absorption fringes of 
neighboring bands, as well as in the range of continuous absorption by the 
fringe of the rotational band of water vapor. The predominant role of 
selective absorption in polyatomic gases introduces difficulty in the 
study of the continuous spectrum of aerosol attenuation under low turbidity 
conditions for a sufficiently extended optical path. Méasurements on 
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infrared transparency of semitransparent clouds and artificial mist possessing 
high optical density are simpler. 

Fig. 3.3 shows the spectral dependence of transmission of incident 
radiation in the upper cloud level Ci (vertical thickness) obtained from 
Measurements on attenuation of solar radiation [5, 90]. It is seen from 
Fig. 3.3 that the transmission of clouds in the visible range of the spectrum, 
as well as in the window 8-12 w, may be considered. 


1 10 A pe 


Fig. 3.3, Spectral transmission of radiation in upper cloud level of Ci in the 
region 0,.35-13 .; 1, 3—according to [90]; 2, 4, 5—according to [5]. 


Transmission of fog containing liquid droplets in the visible region 
of the spectrum is also’ neutral. Transparency of fog in the infrared region 
may be determined by the size distribution function of. fog particles and 
by the complex coefficient of absorption of aqueous aeorosl (cf. Ch. 2). 
Results of the investigations on spectral transparency of artificial mist 
of liquid drops of different density have been discussed in detail [24, 25]. 

It is possible to consider the spectral transparency of rain as in the 
entire optical range to a sufficient degree of accuracy, from [46] 
Br=0.22 7,7! km—!, where J;—intensity of rainfall in nm/hr. 

Although the complex ‘microphysical structure of haze has been 
inadequately studied, attempts have been made to compute the contin- 
uous transmission spectrum of haze employing methods worked out for 
the computation of the spectral transparency of fog with liquid drops. 

Thus, for the evaluation of emission in the infrared region of the 
spectrum use is made of the relative spectral coefficients of aerosol atte- 


= 


nuation @'(A)=————. for the wavelength 0.55 p. 


Fig. 3.4 ‘aes curves of B’(A) computed in [25a] allowing for the - 
complexity of the refractive index using Young’s size distribution functions 
for particles (cf. Ch. 2); Bs=3, 4, 5; upper boundary of particle 
distribution .having a=3 y...Index.of refraction. of. ..water. is. taken 
from [29]. . 
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Fig. 3.4. Spectral dependence of relative coefficient of aerosol 
attenuation calculated for particles of aqueous aerosol allowing 
- for the complexity of refractive index in Young’s distribution with 
different indices fs) Limiting values for particle distribution : 
a, = 0.05 p, a, = 3 py [25a]. 


The quantity fs accepts different values for various meteorological 
visual ranges Su. Thus for Sw== 50 km, As=5, for Su 20 km, fs=4, and for 
Su<20 km, fs=3. - Attenuation coefficient for {,.;, is found either with 
the help of experimental spectral measurements or from Sy. For mean 
visual range Sm—=25 km, fy.,;=0.150 and correspondingly 


TAger=0.150 B’ (A)d, (3:23) ‘ 


where |—-length of the path of ray in kilometers. 


4. 2. Transparency of vertical column of atmosphere 
due to aerosol component 


Table 3.10 gives mean values of taser of a vertical column of 
cloudless. atmosphere at sea level in the spectral region 0.27-4.00 uw for 
terrestrial Sy=25 km, as suggested in the model of 1968 [79]. 
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Table 3.10 Optical thickness of vertical column of atmosphere caused 
by aerosol attenuation [79] 


Meteorological visual range J, = 25 km. H above sea level m=0 


Ay -0.27 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.45 0.50 0.55 
Teer 0.458 0.427 0.411 0.395 0.379 0.379 0.364 0.316 0.285 0.264 0.250 
A, |b 0.60 0.65 0.70 0.80 0.90 1.06 1.26 1.67 2.17 3.50 4.0 

Taer 0.237 0.224 0.213 0.201 0.190 0.179 0.171 0.155 0.134 0.111 0.100 


The optical thickness ofa vertical column of atmosphere in the 
infrared region of the spectrum can be approximately evaluated with the 
help of the curve in Fig. 3.4 for Bs=4. The values taken from the curve 
are multiplied by t(o-55)=0.25. The latter quantity is characteristic for 
cloudless atmosphere. 

The computation of optical thickness of a vertical column of 
atmosphere involves greater error than that of transmission in terrestrial 
paths as a result of the inhomogeneity of the atmosphere according to 
altitude and the absence of information about localized optical characteris- 
_tics in the layers situated at different levels. The magnitude Sy determined 
under surface conditions can be correlated with the optical thickness of 
the vertical column of atmosphere. An experimental determination of the 
magnitude of optical thickness provides a most reliable index. 

The method of spectral investigation of attenuation in direct radiation 


is simple 
Ttota= >t XB 


where t,;—optical thickness of distinct components and can be determined 
by attenuation in direct radiation from sources of. light beyond the 
atmosphere (usually the sun) for different mo. ~The “long”? method of 
Bouguer [47] permits one to ‘determine t, in two or more measurements of 
In I,(m.). The aerosol component outside the absorption band can be 
determined after deducting general optical thickness caused by molecular 
attenuation, absorption of ozone and other gases, which are determined 
by the usual methods of computation. 

Accuracy in measurement is enhanced due to the repeated determi- 
nation of I) (Fo) (while plotting Bouguer’s’ lines). The quantity Ta total - 
represents the calculation of relative magnitudes of. intensity I) beyond 
the atmosphere. In future the value J) can be used for the determination 
of Tatotal tinder different Conditions of turbidity in the atmosphere for the 
unique measurement of J, (*@). In reality the “long” method loses its 
significance during changes of tatota: in the course of a cycle of measure- 
ments often observed in real atmosphere. 
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The method of evaluating errors caused by aerosol scattering at 
small angles, and the conditions under which Bouguer’s law is applicable, 
are given in [14, 24, 25, 47, 49, 50, 58, 93]. The method of determining the 
optical thickness of the atmosphere through observations on the intensity 
of radiation scattered in solar almucanthorat:and the method of optical 
stability control in atmosphere have been investigated in [33, 47]. 

The method of investigating aerosol attenuation with the help of 
the integral actinometric apparatus requires consideration of optical 
characteristics of aerosol attenuation and absorption of gaseous components. 
Thus, according to Angstrém [64, -102, 106, 111], aerosol attenuation in: 
atmospheric thickness can be approximately computed from the assump- 
tion that , 


Tdser—=yA-. (3.24) 


While measuring the integral flux of solar radiation reaching the earth’s 
surface S(m) and taking into consideration the solar spectral constant 


==] 
Soa it is possible to compute the turbidity coefficient y= [rm dH from 
- 0 


the expression 


[==] 
S(m)=5'(m) 4S= | Sjo exp (—mtTarreai— myA->) dA— AS, (3.25) 
0 


where A S—amount of flux of absorbent gaseous components, which may 
be determined in different ways. 

Angstrém took 6=1, 3, but an analysis of possible values of 5 [102] 
showed that depending upon # and m of the particles, the magnitude of 
the parameter can change within the limits 2<s<4. For Young’s type 
of particle distribution (cf. Ch. 2) b=fs—2 and changes in fs are. 
evaluated within the limits 1.7-5.0, which indicates that a variation 
in the value of 6 is inevitable. 

V. Shyuepp [89, 116, 117] generalized Angstrém’s method, by 
suggesting the application of two parameters: Bs and 6. On the basis 
of actinometric observation found in (64, 89, 102] the values of parameters 
6 and @s are given in real atmosphere for the case of Young’s particle 

_ distribution of aerosol over the continental region. Evidently the variation 
in parameters introduced above is caused by the variation in the spectral 
nature of aerosol] attenuation. 
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In actual fact an investigation on spectral transparency in the visible 
and near-infrared regions of spectrum shows that as in the case of terrestrial 
measurements, spectral variation of trser can. differ considerably from 
computed variations when the distribution function of aerosol particles 
remains stationary with height. The results of researches [19, 48, 57, 98] 
show that with decreasing taser and increasing wavelength a neutral 
course Of Tger(a) may be observed with a maximum in the region 
of the spectrum 0.380-0.5504. The parameter & can change with res- 
pect to wavelength and according to data obtained by different authors 
the values of 6 lie within the limits 0¢€b<3.3. 
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Fig. 3.5. Optical thickness of a vertical column of cms due to 
aerosol attenuation. 


a) Examples of changes in spectral dependency of the visible region 
of spectrum [75, 98] : 
1—45 m above sea level; 2—2800 m; 3.6—3100 m; 4—3410 m; 5—3700 m; 
b) infrared region of the spectrum (700-4000 cm) [3] : 
1—-Leningrad, spring of 1963; 2—Mineral’nye Vody, autumn of: 1962; 3—Terskol 
Peak (El’brus) 2100 m above sea level, summer of 1962; A is given in manometers. 
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Fig. 3.5a [98] illustrates the significant variation in Tiger even 
during high altitude observations. Although the nature of dependence is 
irregular, there is an obvious tendency of decrease in Tager with increasing 
A. In an attempt to simplify the computation of transparency ‘which does 
not demand high accuracy, several researchers assigned a fixed value to 
the parameter 6. Thus, while examining the dependence of overall 
optical thickness on wavelength caused by molecular’ and aerosol 
attenuation of the type tTatotasx=aA4+6/A->’+c, the authors of [63] 
accepted the value 6’=1. In [41] a neutral course of taaer(a) has béen 
used for conditions of low turbidity with tatotaz=aA—!+e. 

The contribution of aerosol in attenuation of infrared radiation in a 
vertical column of atmosphere has not been studied in detail. Qualitative 
values of the contribution of aerosol attenuation are given in [107]. The 
values of Tyger in selected ranges of windows in the region of spectrum 
3-13 » have been obtained in [3], these segments being free from noticeable 
selective absorption by the gases. The mean values tdger are connected 
by a smooth curve (dotted line in Fig. 3.5 b). These values can be dis- 
tinguished from the unbroken continuum, mainly determined by the fringe 
of the rotational absorption band of water vapor. The mean parameter 
b’ as defined by the curve tTger (A) equals 0.6-0.8 which is in agreement 
with the results discussed in [24], obtained for horizontal direction with 
6’=0.7. 

As shown from computations, the large “‘spacing’’ of measurements, 
which is unavoidable in the infrared region of the spectrum, does not permit 
one to determine the variation of b’ with wavelength although it is evident 
that the existence of water drops in the atmosphere must lead to an oscillatory 
dependence of ‘ger(A) in the short wavelength region under inves- 
tigation. ; 


, 


4.3 Vertical profile of aerosol attenuation 


Information about the vertical profile of aerosol attenuation has 
been accumulated with the help of many optical methods, direct or other- 
wise, a sufficiently complete review of which is given in [53]. In ‘the 
troposphere the direct method is convenient for the determination of the 
spectral attenuation coefficient Baer (H) km™ from the mass of observa- 
tions on attenuation of direct solar radiation, carried out at different 
heights, viz. 


At 
H,—H, ger 


Brser (H)= Az 
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The method is not so sensitive for lower values of Byger so that 
it is not possible to examine the fine structure of the profile by employing 
the usual technique of registering the quantities being measured. 

The indirect methods are usually employed at high altitudes—which 
involve measurements of intensity of scattered solar light or of artificial 
sources of light at different angles [33, 40, 50, 60]. 

Recently, data on the profile of aerosol dispersion, determined from 
intensity of scattered solar radiation, have been obtained from space 
ships [5], 52, 50]. Methods of projection probing [19, 80, 81] as well as 
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‘Fig. 3.6. Variation in profile of attenuation coefficient in the tropo- 
sphere according to data of different researchers : I, 2, 3, 4, 5 are obtained 
from [55]; 6, 7, 11 from [99]; 8 from [59]; 9 from [42] and 10 from [80]. 
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methods of twilight observation [54] have also been employed and methods 
of laser probing are being developed [77, 86]. 

Experimental investigation on ®aaer(H) indicates the important 
role of aerosol attenuation in a wide range of altitudes. Stratification 
of aerosol. attenuation components is characteristic. The position 
of aerosol layers is usually connected with regions of temperature 
inversion. 

Often for various reasons it is not possible to carry out an investigation 

on the optical density of atmosphere at different altitudes with the help of 
spectral equipment. Thus measurements are carried out at small spectral 
intervals usually separated by light filters. The spectral interval selected 
in the section 0.52 lying in the region of maximum spectral distribution 
of solar radiation is of greatest interest. 
Fig. 3.6 shows the relation between altitude and the aerosol attenua- 
tion coefficient obtained by many researchers [42, 55, 59, 80]. It is evident 
from Fig. 3.6 that the lower tropospheric layer plays a fundamental role 
in the variation of optical thickness in a vertical column of atmosphere, 
even though a variation in the attenuation coefficient Barger may. be 
observed at all altitudes. 

A systematic investigation of aerosol attenuation with the help of 

’ projection probing has been described in [80, 81]. 

Measurements were carried out in mountainous conditions at an 
altitude of 2.76 km (Sacramento Peak, New Mexico.). 

From Fig. 3.7a it is evident that there is a considetable variation 
in the limits of Barger (#7) -at all altitudes. 

Diurnal variation of Bager km~ [81] is given in Fig. 3.7b. Increase in 
optical thickness of troposphere from evening to night is obviously caused by 
’ the influence of condensation processes [8]. 

With the improvement in the methods of investigating atmospheric 
aerosol and the accumulation of information regarding the optical 
structure of the atmosphere, the significant role of aerosol in the formation 
of radiation regime of the atmosphere [86, 99] becomes obvious. Data 
obtained in recent years allowed L. Elterman [79] to revise the aerosol 
attenuation ‘model suggested by him (1964 model). Fig. 3.8a shows a 
comparison of the earlier model with the aerosol attenuation model of 1968 
(A=0.55 yu). Data obtained from space ships [52] (Fig. 3.8b) were used 
for the construction of this model which permitted the raising of the 
*ceiling”’ of the model to 50 km. 

-The spectral dependence of-a Paner at different levels of atmosphere 
has practically not been studied. Sporadic investigations on aerosol 
attenuation from balloons [99] shows that a selective variation of Baser- 
with a maximum in the region 0.4-0.5 may be observed in special cases 
(Fig. 3.9). , 
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Fig. 3.7. Profile of coefficient 
of aerosol attenuations (3) er 
according to data obtained 
with searchlight probing 
[79, 81]. 
a)- data from 79 attenuation 
profiles, April 1964-April 1965 
(limits of the variations, besides 
variations of profile, include 
errors in measurements); 


b) changes in the profile of 
attenuation coefficient from 
evening to night; 

1—20 hrs 20 min; 2—21 hrs 
23 min; 3—22 hrs 17 min;. 
4—00 hrs 07 min; 5-02 
hrs 00 min; 6—-02 hrs 56 min. 
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_ Fig. 3.8. Contribution of aerosol and molecular scattering 
: to optical density of atmosphere [52, 79]. 
a) 1—Level of molecular scattering; 2—Elterman model 1964; 3—Elterman 
model 1968. b) variation in coefficient with altitude; I for y=0.62 ; II for 
4=0.4p ; 1-2—according to [52], 3—according to [99]. 
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Fig. 3.9. Examples of spectral dependence of §jger km- 
at different altitudes [99]. 


The profile of aerosol attenuation in the region 0.27-4.00 ~ recom- 
mended by the authors of [79] as the 1968 model is given in Table 3.11. 


5. ABSORPTION OF RADIATION IN REAL ATMOSPHERE 


Mutually overlapping systems. of bands of vapors of H,O, CO,, Os, 

CH,, N,O and other gaseous components of the atmosphere divide the 

absorption spectrum ‘of atmosphere into many segments (transparency 

- windows), in which selective absorption is less intense (Fig. 3.10). Consi- 

derable unbroken (continuous) absorption takes place in these segments; 

this is caused by the fringés of distant bands. (Mainly of rotational bands 
of H,O vapor with the center at A=50 yu). 
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Fig. 3.10. Selective transmission of individual optical components. 


Data about spectral transmission of real atmosphere can be divided 
into three groups. ~ 

High resolution spectra in wide spectral intervals for the purpose 
of identification of absorption lines of gaseous component belong to the 
first group. 

The results of measurements are given in the form of atlases. The 
data of investigations on solar spectrum in the region of the spectrum 0.2- 
1.2016 are published in [65a, 69a, 77a, 77b, 100a, 100b, 10la]. Data 
on selective absorption of radiation in the interval 0.8465-2.5242y are 
given in [I01b]. Solar spectra recorded with a resolution of 0.02 cm7! 
in the region 2.8-23.7 are given in an atlas [101]. In atlas [85] we 
find solar registograms in the region from 7-400 u recorded with a slightly 
poorer resolution (~1 cm=}), 
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Table 3.12 Height distribution of absorption coefficient of ozone in the ultra- 


AH 

H km — : : 
0.27 0.28: 0.30 0.32 0.34 0.36 0,38 0.40 
0 7.48% 10-1 3.77% 10-4 3.60x10-? 3.20 10-3 2.28% 10-* 6.41x10-° 0 0 
2 6.15 3.1L 2.96 2.63 1.88 5.27 0 0 
4° 475 2.40 2.28 2.03 1.45 4.07 0 0 
6 4.54 2.29 2.18 1.94 1.38 3.89 0 0 
8 4.79 2.42 2.30 2.05 1.46 4.10 0 0 
10 7.35 3.71 3.53 3.14 2.24 6.30 0 0 
12 1.30x10° «6.58 6.27 5.58 3.97 112x105 0 0 
14 2.01 1.01x10° 9.67 8.59 6.12 1.72 0 (0 
16 2.16 1.09 1.04x10-4 9.25 6.59 1.85 0 0 
18 2.56 1.29 123. 1.10x10- 7.81 2.20 0 0 
20 “944-174 1.66 147 1.05x10-? 2.95 0 0 
22 4.14 2.09 1.99 1.77 1.26 3.55 0 0 
24 4.05 2.05 1.95 1.73 1.24 3.47 0 0 
26. 3.42 1.73 165. 1.46 1.04 2.93 0 0 
28 2.58 1.30 1.24 1.10 7.87x10- = 2.21 0 0 
90. <<. 1.90. 9.57x 10-2 9.12x10-? B.11x10-* 5.78 1.63 0 -0 
92 2143-2 7.23 6.89 6.12 4.36 1.23 0 (0 
34 1.0) 5.12x10- 4.88 4.34 3.09 869xl0-* 0 0 
36 °7.58x10 3.83 3.65 3.24 2.31 6.50 0 06 
38 5.31 2.68 2.56 2.27 1.62 4.55 0 0 
40 391 ‘1.97 188 «1.67 1.19 3.35 0 0 
42 2.50 1.26 1.20 1.07 7.62x10-§ 2.14 0 oO 
44... 156 7.89 10-4 7.51 x 10-* 6.68 10- 4.76 1.34 0 0 
46: 9.37x10-2 4.73 4.50 4.01 2.85 8.03x10-? 0 0 
48 5.86 2.96 2.82 2.51 1.79 5.02 0 oO 
50 3.91". 1.97 L670 LIQ - 3.35 0 96 
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-violet and visible regions of spectrum, from [79] (overall content 0.3 cm) 


4 


0.45 0.50 5.55 0.60 0.65 0.70 0.80 0.90 


1.25x10-§ 1.23x10-* 3.28x10-4 4.70x10-* 2.21x10-4 8.19x10-7 3.56x10-§ 0 


~ 1,09 1.01 2.70 3.87 1.82 6.74 293 0 
7.91x10-* -7.80x 10-8 2.08 2.98 1.40 5.20 226 0 
7.56" 7.45 1.99 2.85 1.34 4.97 2.16 0 
7.98 7.87 2.10 3.01 1.41 5.24 2.28 0 
"1.22x10- L21x10-* 3.22 4.62 2.17 8.05 3.50 0 
2.17 x 10-§ 2.14 5.71 8.20 3.85 143x10-' 621 0 
3.35 3.30 B80 1.26x10-* 5.93 2.20 957 0 
3.60 3.55 9.48 | 1.36 6.39 2.37 1.03x10-* 0 
4.27 421 1.12x10-9 1.61 7.56 2.81 122. 0 
5.74 5.66 1.51 2.16  1.02x10-? 3.77 164 0 
6.20 6.80 1.81 260 122 4.53 1970 
6.76 6.66 1.78 2.55. 1.20 4.44 1930 
5.70 5.62 1.50, 2.15  —°LOl 3.75 163 0 
4.31 4.24 1.13 1.62 7.63x10-* 2.83 123 0 
3.16 3.12 8.31xl0-* ~ 1.19 5.60 2.08  -9.03x 10-0 
2.39 2.35 ° 6.27 9.00x10-4 4.23 1.57 "6.82 0 
1.69 1.67 4.44 6.38 2.99 1 483 0 
1.26 1.25 3.32 4.77 2.24 830x10-* "361 .0 
8.86x10-° 8.73x10-§ 2.33 3.34 1.57 5.82 253 0 
6.51 642 | LL 2.46 1.15 4.28 186 0 
4.16 4.11 109° 1.57 7.38x10-5 2.74 119° 0 
2.60: 2.57 6.84 10-5 9.82x10-* 4.61 71 7.44x10 0 
1.56 1.54 4.10 5.89 2.77 1.03 446° 0 
9.77x 10-7 9.63x10-* 2.57 3.68 ‘173 6.42x 10-8 279 0 
651 6.42 1.71 2.46 115. 4.28 186 0 
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. Recordings of solar spectra obtained from an airplane with resolution 
of 1 cm™@! in the region 1.0-6.5 2 up to an altitude of 15 km are shown 
in an atlas [92]. 

Results of measurements of absorption of radiation from an artificial 
source in the near-infrared region on a horizontal contour of 25 km in the 
layer of atmosphere near ground level have been published in [114]. 

The second group of data includes information obtained through 
computation made with the help of theoretical and laboratory investi- 
gations on the patterns of selective absorption and height distribution 
models of absorptive components (cf. Chs. 1 and 2). Some of the 
information of practical importance has been given below. 

Absorption coefficients of O, in the ultraviolet and visible regions of 
the spectrum (Hartley and Chappuis bands), computed for different altitudes | 

- considering standard distribution of O, with altitude, are shown in Table © 
3.12 [79]. 

Computations on spectral transparency based on data from inves- 
‘tigations in the laboratory on forbidden bands of fundamental and secondary 
gaseous components (cf. Ch. 2) have wide application. From Fig. 3.11 it 
is possible to evaluate the spectral transparency of the troposphere along 
different directions in the spectral range of 1-6 determined by the 
selective absorption in optically active fundamental gases. 

The family of curves (2) permits us to determine transmission of 
water vapor for different values of effective mass tere (see 3.2). With the 
help of the family of curves (6) it is possible to determine transmission of 
dry air, consisting of optically active gases, whose concentration may be 
considered invariable. The effective mass of CO, is taken as the effective 
mass of dry air. Using both families of curves it is possible to compute 

‘ the emission spectrum of the atmosphere for paths of different lengths and _ 
inclinations for varying humidity contents in the course of the path. There 
is an error of about 10-15% in the determination of transparency. For 

. the construction of the curves use is made of data obtained in the laboratory 
regarding .the laws of absorption of the following distinct components, 
viz. H,O, N,O, CH,, CO, CO, (cf. Ch. 2). For the distribution models 
of apically active components see Ch. 1. 

It is necessary to mention the tables of transmission functions of H, O 
and CO,, published in {108, 115]. Computation of transmission of water 
vapor for a quasistatic model with resolution of 5, 20, 50 and 100 cm-! was 
carried out by considering all bands up to 1000 cm-}. (Continuous 
attenuation caused by rotational bands of A+200 cm—! was not considered. 

‘See [22] for computation on the absorption from rotational band 

of H,O.) 

The third group of data includes quantitative measurements on 
transmission of radiation in a real atmosphere as well as outside the 


Spectral Transparency of Real Atmosphere 163 


"w> 1000°0 (6I “> Z000"0 (BI “> co00'O (ZT “4 1000 (91 > zo0'O (St ‘wD GO0'D (HI ‘UP 10°0 (ET “WO Z0'0 (ZI 
“m2 600 (TT “> To (or “wo Zo (6 “WD Go (g ‘wo | (4 ‘wD Z (9 wD g (g “wd OT ( “WD OF (g “WE OS (z “Wd COT (1 


*(a91eM payeydroasd Jo wo ut) Wen sseur aanoaya yo sanyea yuaJayIp Joy Jodea 39)eM Jo uolsstusucsy, 


*(@]3uvp23 & qSnorq] UOPvUTTKosdde ue st ‘woyIUNy PeyuawNsysuar 243, ‘7 co’;g= YV 
uopnyosas ye1399d8) 7 9~] Gordes ayy ul azaqdsoure Jo sased aanoe Ayyeondo yo WOISSTUISUBI) SANIIIIC “BILE "BLT 


WAX 3's os. cy or ob 


PSSA IRMAVZATT AIAN 
TSA SITE PY AO 
AOAC I CV 

SAAC ee TI 
SAAN in 


Ov 


S 


164 Radiation Characteristics 


“wo X WIE 9100°O (OZ ‘Wo Xx une ZE00'0 (61 “WAX Ue 4900'0 (BI ‘WoXUNe gIO'O (LT “woxune zEO'9 (QI ‘wox UIE ¥90'0 (SI 
‘wox we gO (py “wax une ze0 (G1 ‘woxune $99 (ZI ‘woXuneg | (T] ‘woxune gg (Q] ‘woxunesg(g6 ‘ox Ue gl (g 
‘uoxune 7g (2 ‘woxune pg (g “woXxune gg (¢ ‘woxunE QzE (p ‘WOXUNE OPO (g ‘woxUIe Qog] (z ‘WoXxUNe ooze (Tt , 
i SSBUL BATIDIYI JO SANIBA IUDIAYTP 38 (09 ‘O?®N “HD %OD) sosed ouaydsoune a|qeis pue sane ATjzondo jo uotsstuIsUeL I, 
*(a]3ae3 qsnorqa uoneunoidde Ue SI UOROUnY [eyuaUITLAYsUI ayy 
A 60°0= VV FORNOsSe2 yes799d8) 7] 9-1 ABDUL ME sesud opeqdsoune aanos Aqeando yo uorssrcusuus 3492[3g¢ “ante S1q 


“WY os . 0 


ae 
pa 
= 
== 
p= 
a 
sail 
pepe 
—_ 
fe 
== 
= 
Hc 
Sail 


TN i Meas, ote eae 
UAE ia 


Spectral Transparency of Real Atmosphere 165 


absorption bands. A large accumulation of data on these measurements 
is lacking. Methodological difficulties in the separation of absorption 
due to mutually Overlapping unresolved bands of polyatomic gases does 
not permit the determination of the mode of attenuation in intersecting 
bands for variations of optical mass and the amount of water vapor in the 
path of the ray. For instance, the authors of [90a] attempted to establish 
the relationships which satisfy different model representations .for each 
of the 203 spectral regions into which the transmission spectrum of the 
atmosphere at oblique incidences from 1 to 12.5 4 can be divided. Practical 
application of the results obtained in [90a] proved to be difficult because 
of complications in the interpretation of data for different conditions and 
with different spectral resolutions. Investigations on attenuation in dis- 
tinct segment of spectrum in regions of transparency windows, more or 
less free from selective absorption, are more reliable even though incomplete. 

Fig. 3.12 shows the spectral variation of continuous absorption 
coefficients obtained in [22, 31, 69, 98] for measurements on absorption 
and emission of radiation in the window 8-12 4. From the diagram 
it is obvious that the fringe of a rotational band of water vapor can have an 
effect on transmission of transparency windows having wavelength shorter 


than, 8-12 uw. 
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Fig. 3.12, Spectral course of continuous absorption of water vapor in the 
region 1200-750 cm-!, computed in 1 cm of precipitated water, from 
observations by different authors. 


(a) background of fringe of rotational band normalized to the value ¥=850 cm-! 
at Peee=0.860 atm; (b) background of fringe of rotational band, 
normalized to the value ¥=850 cm-! at Pe{{=0.640 atm; (c) from [69]; 

(d) from [22] 1—from [31] at Perp=0.860 atm; 2—at Posy=—0.640 atm. 
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6. INTEGRAL TRANSPARENCY OF THE ATMOSPHERE 


Depending on the conditions the transparency of an atmospheric 
column can vary considerably in different segments of the spectrum, as 
is obvious from the previous sections of Ch. 3. While measuring the 
integral flux of direct solar radiation attenuated by the atmospheric column, 
it is impossible to determine unequivocally the effect caused by the 
observed attenuation. Nevertheless it is necessary to evaluate atmospheric 
transparency. 

For the meteorological purposes several modes of evaluating integral 
atmospheric transparency have been developed that employ semi-empirical 
methods based on measurement of the attenuation of solar radiation flux 
by means of integral actinometric apparatus [23, 27, 37, 38, 39]. 

The following are the basic requirements reflecting the character- 
istics of transparency: (1) sensitivity with respect to a variation in atmo- 
spheric transparency ; (2) independence from changes in optical mass of 
atmosphere ; (3) simplicity and clarity ; (4) simplicity in the method of 
computation. 

The properties given below are most convenient for application. 
Transparency coefficient P can be computed from the following formula : 


Syo=5pP”, (3.26) 


where $o—measured intensity from direct solar radiation, given in 
Table 3.13 for the solar altitude of 30° (m=2), S,=1.98 cal/cm? - min. 


= = Sao 
For m=2, P J : 


The transparency coefficient can be easily computed with the help 
of Table 3.14 (corrections of measured intensity at a distance from the sun 
are given in Ch. 4). , _ 
Table 3.14 gives values of P for solar altitudes of 18-50° and values 
of S=1.00-1.29 cal/em? - min. 

The turbidity factor T. suggested by Linke determines the ratio 
of observed transparency to the transparency of the ideal atmosphere 
free of water vapor or aerosol particles in suspension. . 

Turbidity factor T is determined from the formula : 


log P log S,—log S$ 
T= 8 8 ee 
log P; log Sy—log S; ’ £3.27) 
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Table 3.14 Dependence. of transparency- coefficient of atmospheric P on 
magnitude of S,, - 5,=1.98 cal/em? * min [3B] ae 


5 ~ One hundredth part of Sy, calfem? - min~ 
a 


calfem* : - 
ree 0 1 2: 3 4 5 6 7 8° 9 


2 


1.00 0.711 0.714 0.718 0.721 0.725 0.728 0.732 0.735 0.739 0.742 : 
1.10 0.746 0.749 0.752 0.756 0.759 0.762 0.765 0.769 0.772. ‘0.776 
1.20 0.779 0.782 0.785 0.789 0.792 0.795 0.798 0.801 0.804 0.807 


where P and P, are transparencies in real and ideal atmosphere respec- 
tiveyl, S;—intensity of radiation in ideal (dry and clear) atmosphere. 
For solar altitude 30° S;m=,=1.62 calfem?. min. Then 


=11.5log 


So 

3.28 

Ss oe 

The computed values of T for different values of Si according to this 
formula are given in Table 3.15. 


, 


Table 3.15 Dependence of turbidity factor of atmosphere J on magnitude of S,, 


s Hundredth fraction of S35) cal/em®. min 
30 : 


cal/cm? ° 


min 9.00 0.01 0.02 0.03 0.04 + 0.05 0.06. 0.07 0.08 0.09 


41 3.36 3.31 3.27 3.22 3.17 °3.12 3.08 3.03 2.99 


1.00 3 
1.10 2.94 2.89 2.85 2.80 2.76 2.71 °2.66 2.62 2.58 2.54 
2 2.18 2.14 


50 2.46 2.42 2.38 2.34 2.30 2.26 2.22 


L. G. Makhotkin 137, 39] suggested the inclex of turbidity Nv as a 
characteristic of atmospheric transparency which shows the amount of 
normal atmosphere to be taken so as to obtain the observed value of 
intensity for a given altitude of the sun. Vis determined by the following, 


relation : 
¥ 


Wes oo (3.29) 


m. 


where m—optical mass, for which the intensity S is measured ; m*—-mass, 
introduced at normal atmosphere assuming S=S*. (S*—the intensity of 
solar radiation in normal atmosphere). ot 5 a 


- 
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. The rationality of this characteristic is indicated in [23, 39] and 
it is widely applied in actinometry [20, 23]. _ 
Makhotkin’s turbidity factor NV can be easily determined from the 
nomographs composed by Myurk [39] and shown in Fig. 3.13. 


N 
3.0 : 


2.5 


1.0 
- 0.8 


0.8 
0.7 


0.5 


0.4 


0.3 
15m 


- Fig. 3.13, Myurk’s nomograph for the determination of turbidity 
factor N of Makhotkin (39). . 


§=0.1-1.6 cal/em? +> mm; 
m = mass of atmosphere at the time of observation. 
Myurk in [36] suggested the characteristic of turbidity. Nm, to be 
determined from the relation 


Sm=SyP™m*Mym (3.30) 
where P—coefficient of transparency for m=1. Ns is determined from 
the nomograph, introduced in [39]. 


7. TRANSPARENCY VARIATION IN ATMOSPHERIC 
THICKNESS 


7.1 Synoptic situation and transparency 


Transparency variations in the atmosphere are caused by changes 
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in the synoptic situation such as the shifting and transformation of masses 
of air, transmission through frontal zones, appearance and development 
of inversion, clouds and mists [23, 43, 118, 123]. The amount of humidity 
in the incoming mass of air is a very important parameter. The two 
fundamental types of air masses, viz. the ‘arctic and the tropical, possess 
opposite optical properties. The arctic air is distinguished because of 
the absence of moisture and dust whereas the tropical air is very humid 
and dusty. Thus the exchange of an arctic air mass in the tropics leads 
to a decrease in transparency. 

The magnitudes of the turbidity factor of Linke 7 and of Schiipp 
Nen depending on the type of air masses are given in Table 3.16, which is 
borrowed from [121]. 


Table 3.16 Mean values of integral turbidity for different air masses according 
to measurements by different authors {121} 


T N sh * 10% 
pa See aes koe ae After After After — 
Heinspeter “one - Ditts Barashkova  Zempleni 

Continental arctic air 2.20 2.4 2.8 = 7.9 
Arctic sea air 2:10 — — 2.8 se 
Continental temperate 
air 2.89 _ —_ = 8.2 
Teraperste sea air~ 2.85 - = = = 11.0 
Continental tropical 
air ~ 3.76 3.5 3.9 3.2 16.8 
Tropical sea air 3.66 _ _ = 15.5 


The manner in which the coefficient of spectral transparency in an 
atmospheric column P) and its aeoros! component P ger change during 
transformation of a cold arctic air mass can be seen from the data in Table 
3.17 [43] obtained from measurements in the Sosnovo region of Leningrad 
during the prevalence of an arctic air mass. 

The value of P) diminishes by 5-10% with the warming up of a cold 
arctic air mass. The greatest stability of optical characteristics in the 
course of a day may be observed for arctic masses. 
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Table 3.17 Spectral coefficient of transparency in thickness of atmosphere P) 
and aerosol componment Per for arctic air mass. Leningrad region (43) 


Date 372 406 464 532 


Sept.8 0.613. 0.943. 0.689 0.946 0.792 0.952 0.857 0.952 


Sépt. 9 0.615 0.946 0.692 0.950 0.786 0.944 0.855 0.950 
Sept. 10 0.613 0.943 0.685 0.941 0.787 0.945 0.850- 0.944 
Sept. 111 0.595 0.907 0.664 0.912 0.760 0.919 0.834 0.927 
Sept. 23 0.618 0.942 0.683 9.939 0.783 0.940 0.848 0.942 
Oct. 121 0.595 0.907 0.658 0.903 0.766 0.919 0.834 0.927 
Oct. 26 0.621 0.947 0.688 0.945 0.788 0.946 0.855 0.948 
oct. 27 0.613 0.935 0.690 0.948 0.787 0.945 0.857 0.952 
Au 
Date 615 650 715 805 


P) Pyaer Py Pyaer Pr P joer P) P yaer 


Sept. 8 0.867. 0.952 0.913 0.955 0.920 0.950 0.939 0.958 


Sept. 9 0.867 0.952 0.904 0.947 0.924 0.954 0.935 0.954 
Sept. 10 - 0.860 0.945 0.900 - 0.943 0.920 0.950 0.931 0.950 
Sept. 11? 0.850 0.934 0.893 0.935 0.913 0.942 0.929 0.948 
Sept. 23 0.863 0.949 0.897 0.940 0.916 0.945 0.936 0.954 
Oct. 123 0.850 0.934 0.894 0.936 0.913 0.942. 0.931 0.950 
Oct. 26 0.872 0.956 0.908 0.950 0.929 0.959 


Oct. 27 0.863 0.946 0.905 0.948 0.922 0.951 0.937 0.956 


1Days of transformation of air masses. 


o 


7.2. Annual and diurnal variations in 
atmospheric transparency 


The influence of the height above sea-level of the place of observation, 
of geographic latitude and other factors leads (within limits of observation) 
to wide variations of transparency (Fig..3.14). “The. mean monthly values 
of optical thickness of the entiré: column of atmosphere from the articles 
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b). 
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- Fig. 3.14, Annual and diurnal variation of integral atmospheric transparency. | 


a) annual variation [23] : 1, 2—Antarctica; 3—Aretic; 4—Pavlovsk; 
b) Annual . variation [27]: 1—Pavlovsk; 2—Moscow; 3—Kursk; 
4—Feodosiya; 5—Thbilisi; 6—Tashkent; 7—Baku; 8—Samarkand; 
c) daily variation in transparency of vertical column of atmosphere during 
summer ‘in Odessa (1, 2, 3) and at top of. Mt. Terskol (4, 5, 6) and humidity 
. content of atmospheric column in Odessa (8) and at the top of Mt. Terskol (7). 


(20, 75] are given in :Table 3.18 for points situated at different heights 
up to 4000 m, and for this purpose the entire visible region of the spectrum 
may be provisionally divided into two sections, viz. 0.4 4 and 0.5-0.7 p. 
Numerous observations on spectral and integral transparency - in 
different: geographic regions of the European Territory of the USSR, in 
mountain regions, and in Siberia [21, 23, 27 ; 30; 35, 56) show that there 
exists a definite daily variation of amebarenry in: the: presence: of a stable 


mass of air. 
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Table 3.18 Observed values of optical thickness of atmosphere 


(mean values) [20, 75] 


; x +, total 
Os gen leely bowe Month and Year 
0.4 0.5-0.7 

Karadag September, 1959 0.300 0.100 
Leningrad (30 m) May, 1963 0.730 0.330 
Sablino (30 m) April, 1960 0.400 0.150 
May, 1960 0.400 0.200 

September, 1960 0.300 0.060 

Mineral’nye Vody (310 m) October, 1962 0.400 0.100 
Tucson (760 m) 1931 0.386 0.248 
Klaimaks (1735 m) 1939 0.297 0.094 
Mt. Sacramento (2800 m) 1934 0.269 0.105 
0.346 0.164 

Mt. Terskol (3100 m) July, 1962 0.300 0.100 
September, 1962 0.250 0.050 

Ledovaya Basa (3700 m) September, 1960 * 0.300 0.030 


0.316- 0.130 


Rising convection and, consequently, contamination of atmosphere 
around noon time, as well as the increase in the amount of humidity at 
midday, are the reasons for the minimal daily variation of transparency 
in continental regions (Mineral’nye Vody, Aktyubin, Nal’chik and others). 
Circulation of sea breezes (Odessa, Leningrad) and daily variations of 
winds in the mountains and valleys (El’brus) determine the nature and 
daily course of turbid atmosphere in corresponding regions. 

The annual variation of transparency in the thickness of the 
atmosphere follows a similar course. 

Investigations [2, 21] show that the daily and annual variations of 
horizontal atmospheric transparency contradict the variation of vertical 
transparency coefficients (20, 27, 36]. 

Tables 3.19 and 3.20 show the yearly course of Linke’s turbidity 
factor (mean monthly and seasonal values) for thickness. of atmosphere 
(above 200, 500 m, etc.) and for layers up to 30 km in the region of the 
Austrian Alps [105]. 

The. maximum values of turbidity in summer: are: characteristic 
for the annual variation even in the region of the Alps and in El’brus. 

A continuous rise in turbidity from morning to evening has been . 
observed in the daily variation-in mountain regions (June-August). 
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Table 3.19 Yearly course of turbidity factor 7 in Austrian Alps [105} 


Height, m 

Month 

200 500 1000 2000 3000 
Jan 3.0 2.7 29 1.8 1.7 
Feb 2.8 2.5 2.1 1.8 L.7 
Mar 3.2 2.9 2.6 2.1 1.9 
Apr 3.6 3.3 2.8 2.2 2.1 
May 3.8 3.6 3.2 2.5 2.2 
Jun 3.8 3.5 3.2 2.6 2.2 
Jul 3.9 3.7 3.3 2.6. 23 
Aug 3.8 3.4 3.1 2.6 2.2 
Sep 3.3 3.0 2.8 2.3 2.0 
Oct 3.2 2.8 2.5 2.0 1.9 
Nov 2.7 2.4 2.2 1.8 1.8 
Dec 2.6 2.4 2.1 1.7 1.7 


Table 3.20 Turbidity factor 7 at different heights in Austrian Alps [105] 


Layer, km 
Season 
0.2-1.0 1.0-1.5 1.5-2.0 2.0-3.0 © 
Winter 11.0 6.1 4.7 2.2 
Spring 10.7 10.3 6.8 4.0 
Summer 11.1 9.5 7.6. 5.7 
Autumn 9.6 8.2 5.4 3.0 


Strong evaporation of moisture and contrasts between frozen and thawed 
surfaces play an important role in promoting an increase in turbulence. 
A daily variation with minimum transparency at noon is typical for moun- 
tain regions during autumn and spring months. Condensation turbidity 
is a determining factor in the polar regions [23]. 
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8. INTEGRATED TRANSMISSION FUNCTION FOR 
LONGWAVE RADIATION . 


..........8.1. Computed-relation 


In meteorology the term “longwave radiation” implies the type of 
radiation that is emitted by the natural underlying surface or atmosphere 
(the entire atmosphere or its distinct layers, in particular clouds). 

--The characteristic emission of these objects possesses a’ spectral. 
composition which is distinct from the. radiation of a perfectly black body. 
The emission from air is especially distinguishable because of its complex 
spectral composition—radiation from clouds and different surface layers— 
because of a spectral composition close ‘to black-body emission. In spite 
of the difference between. the spectral composition of naturally. warm 
radiation and perfect black-body emission, approximate methods for the 
computation of longwave fluxes of radiation in the atmosphere have been 
successfully established [17, 28]. These methods are based on the appli- 
cation of the so-called integrated transmission functions of longwave- radiation 
which determine the transparency of homogeneous layers of air for perfect 
black- body emission. 

The integrated transmission function of longwave radiation A is the 
fraction of black-body emission at a specific temperature 7, which is 
transmitted through a homogeneous column or layer of air of thickness / 
with absolute humidity @ and temperature Ta at total us p. The 
magtiitude A changes from 0 to l. ‘ 

The indicated parameters (/, a, p, Ts) determine the. amount of 
precipitated water uy_o and the quantity of CO,—uco, in layer J. The 
influence of J, on the 1 Pansmsion: function is found to be insignificant. 


(3.31) 


= Thus" b=? Gases Ucog, ps Ts 1): 


Similarly the absorption in ozone should be considered for computation 
of the: transmission function for the upper layers of the atmosphere. For 
clouds and mists it is necessary to take into consideration attenuation of 
radiation by water droplets. . — . < 

Emission from a black body, corresponding to mean temperature 
on the earth’s surface and in the atmosphere—taken as equal to 288° K 
og), Poses a neu in the energy distribution over the 


*The maximum’ ‘occurs at = 10H, if the © ‘energy distribution in-the- spectrum- is: -carried 

“out on the-seale of wavelength (AA=const). In the scale of wave number 
-: (A y=const) the distribution curve is deformed. and the maximum. shifts to A=17.7 He 
or ¥=565 cm-}, 
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spectral range of 10 or 1000 cm-*. Ninety-four per cent of the entire black- 
body emission for the indicated temperature lies in the region of wavelengths 
between 4 and 40 uw, whereas 99.3% lies in the region 4-100 » [1, 9]. 

Insofar as the integrated transmission function relates to a wide 
interval of the spectrum, it cannot be represented exponentially because 
of the complex structure of the absorption spectrum of atmospheric gases. 

The integrated function A for a parallel beam of black-body 
radiation can be determined in two ways : (1) by direct measurements of 
the emission of black-body radiation by layers of atmosphere with specific 
values of the indicated parameters or (2) by computations based on the 
application of spectral recordings on absorption of radiation by water 
vapor, CO, andQO;. _ : 

Direct measurements of A are associated with noticeable experimental 
difficulties so that such measurements are few in number and the range of 
Uw,0, Uco, is comparatively narrow. The computational method allows 
one to cover wide ranges of values of the parameters, but gives non- 
singularity and fragmentation in the original experimental data, and is 
full of errors due to the inevitable simplifications of a complex structure of 
the absorption spectra of atmospheric gases. Thus a noticeable disparity 
still exists between computations and experimental data. 

' The integrated transmission function may be expressed through 
spectral emission functions in the following manner : 


ir By (T) 


P(u, T)= | Pa war, (3.32) 


where P(u)—transmission function for wavelength A; E£,/£—fraction 
of emission from a perfect black body, entering a unit interval of wavelength 
with center at; u—mass.of absorbing substance ; T—temperature of 
black-body emission. + 

It is necessary to know the following function in computing trans- 
mission of radiation in atmosphere : 


fo =) 
dE 
} 7 Py (u) dr 


0 
2G) ee 
aT 


(3.33) 


where the functions ®(u, J) and P (u, T) are connected by the following 
relation : 
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T OP (u, T) 


© (, T)=Pw, T+ SF 


(3.34) 


The values of functions P and © computed on the basis of spectral 
data on absorption of radiation in water vapor, carbon dioxide and ozone 
are given in Tables 3.21 and 3.22. 

The contributions of carbon dioxide and ozone to the functions P 
and ® are represented for convenience in the form of corrections to A 
and ©® caused by absorption of water vapor alone (Tables 3.23 and 3.24), 
In this manner we have the following relations : 


P (une, UcO2) UO3, T)=P (tH20, T) —aP (ttx90, Ucoe) — AP (vos) 5 (3.35) 
® (ux30, UcOz, UO3; T)=0 (tH90, T)—aod (t31205 Ucoy) ~ 40 (tog). (3.36) 


Here P(uzy0, T)—integral emission function for water vapor; AP 
(txQ05 ucop)—correction for carbon dioxide gas; AP (uo3)—correction 
in OZONE ; wH90, Uco2, Yos—masses of water vapor, carbon dioxide and 
ozone respectively. Similarly all the above-mentioned quantities refer to 
the function ® (un, cog, vos, T). 

All the magnitudes in Tables 3.21-3.24 are given for normal pressure 
and temperature of absorbing gas, viz. 10-20°C. The corrections for carbon 
dioxide and ozone are averaged over the range of emission temperatures 
from —80 to +60°C and from —80 to —20°C. Besides the correction on 
ozone is averaged over masses of water vapor from 0 to 1 cm. 

The magnitudes of uy,o are expressed in cm of precipitated water, 
Uco2) to g—in atm. 

The values of the functions P, ©, AP, A® in Tables 3.21-3.24 

-are computed for direct radiation. The values of these functions for 
diffuse radiation are connected with the values for direct radiation by the 
following relation : 


f* (w= \s ( me ) sin 29 dp, (3.37) 
QO 


where f (ase) implies any of the functions P, ©, AP, A®; f* Pie 


corresponding function for diffuse radiation; $—incident angle of radiation. 
- For sufficiently accurate computation in atmosphere: the ipllowns approxi= 
mate relation may be similarly applied, viz.: 


_ S*(u)=f (1.66u). (3.38) 
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‘In case of approximate computation not requiring the consideration 

of the dependence of emission function of température of the source, it is 
possible to make use of functions P(un,0; Ucog; Yo3) and P* (uo ; 
Uco, } Uo3) found in the tables taken from [44, 45]. 
, For computations of radiation on flux as well as incident fluxes in 
the boundary layer of the atmosphere in the absence of any large tem- 
perature gradient it is possible to employ average emission functions, which 
are independent of temperature and automatically take into consideration 
the influence of carbon dioxide [30] ; thus 


P*(uy,0)=0.461 exp (—0.674,/ u0) 
+0.539 exp (—7.75./ un,0)- (3.39) 


The formula (3.39) is applicable for diffuse emission. 
To determine the changes of pressure in the atmosphere with altitude it 


P : : PY 
is necessary to make use of the effective absorbing masses uerp= (4 du, 


where p—pressure, Py—standard atmospheric pressure. The power m 
accepts the following values; for water m = 0.60; for carbon dioxide m 
= 0.86 and for ozone m = 0.30. , , 

The computation [61] of functions P(up,0; uco,; tog; T) 
and (un 0 3; Ucog ; Yo3; 7) was carried out by using the following 
experimental and theoretical data : range of 3-5» [87]; range of 5-9p 
[87, 91, 94]; range of 9-12 u [65, 91] ; range. of. 12-13u [65, 87, 91] ; 
range of 13-20, [83,97, 119]; range of 20-254 [104]; CO,—[67, 84, 
95]; O;,—[120]. 


8.2 Experimental data and their comparison 
with computations 


1. Methods of measurement. A comparatively simpler scheme. (single 
channel)—perfect black body at a specific temperature and removed from 
an inactive receiver with a single receiving surface (for example, [32, 88]) 
—provides for two successive measurements of a single source (the second 
at a different temperature) and the detection of two signals. A more 
precise and less ambiguous case is the double channel scheme, with two 
sources at different temperatures and a receiving set with two receiving 
surfaces for automatic detection of signals; the rotation of the receiver along 
with the shield through 180° eliminates interference and leads to detection 
of useful signals against the background of interference. 

For both the schemes, which are based on the method of heated 
emitter, the measured signal J* is proportional to the following expression 
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It ~ PT, — P,T,!. (3.40) 


in which the values of emission function P, and P, correspond to those 
for a black-body radiation from sources at temperatures T, and T,, respec- 
tively. If these temperatures differ from 273° K by some 40 or 50 degrees, 
then both the functions (P, and P,) are comparable. For convenience 
in working out the results of measurements, it is necessary to assume that 
P is independent of T, i. e. to assume P,=P,=P. Then . 


pe eee 3.41 
Ps Bo (3.41) 


By neglecting the dependence of P upon T we introduce a systematic 
error, leading to a higher value of P compared to original values of 
transmission function P, and P,, and the following relation is found to 
hold [7] : , 


_P,T,4 — P,T,! 


Ti TA 


P(t, 23). = (3.42) 


The method of heated emitters also does not investigate the relation 
P (T) for the range of atmospheric temperatures. 

For sources at high temperature (several hundred degrees C) the 
systematic error becomes insignificant [13, 24, 32]. 

It is possible to eliminate the systematic error for radiation at 
low temperatures by using highly chilled plates (radiation screen) [7, 12] 
in place of. one of the heated sources. In this case 7,<7,, I* ~ PT;!, 
P (T,, Tz) = P(T,) and the measurements give values of emission 
functions closer to the original; while changing the temperature T7,' of 
the emitter it is possible to study the function P (7) in the zone of atmo- 
spheric temperatures. 

2. Results of measurements. The results of measurements of P with 
the help of a heated emitter and radiation screen on a horizontal receiving 
track for emission temperatures of 15 and 80°C and for distances of 59.7, 
93.6 and 247.4 m [11] and the computed curves are shown in Fig. 3.15. 
Measurements were carried out in pure atmosphere (visual range greater 
than 10 km). . 

The values of P obtained from experimental data are smaller than those 
obtained through computation. Similarly the dependence of the source 
and thickness of layer on temperature is more sharply brought out. The 
values of P obtained by the method of two emitters [10] are considerably 
greater than the original values of P, which is explained by the significant 

’ dependence of P on T. 
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Fig. 3.15 Comparison of computed and experimental determinations of 
integrated transmission function in horizontal tracks of different lengths 
(59.7, 93.6, 247.4 m) at emission temperatures 20 and 80°C and Sy=10 km. 
Experimental curves : |) 59.7 m, 80°; 2) 59.7 m, 20°; 3) 93.6 m, 80°; 
: 4) 93.6 m, 20°; 5) 247.4 m, 80°; 6) 247.4, 20°; 
Computed curves : 7) 60 m, 80°; 8) 60 m, 20°; 9) 90 m, 80°; 
10) 90 m, 20° ; 11) 250 m, 80°; 12) 250 m, 20°. 
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4. ALBEDO OF EARTH’S SURFACE 
e AND CLOUDS 


PART |. INTEGRATED REFLECTION FACTOR 
1. COMPUTATION OF AVERAGE VALUES OF ALBEDO 


Reflective properties of ae earth’s surface can be characterized 
by the magnitude of albedo, defined as the ratio of radiation flux reflected 
from a given surface in all directions to the flux incident on this surface. 
Integrated albedo A (or simply albedo) can be determined from the 
following expression : 


co 
J Ag (Sigs Dizi 


0 : 
=e a) 


where Aa—spectral albedo ; (S+D),,—flux of total (direct solar S and 
scattered D) radiation incident on a horizontal surface for a mass of 
_atmosphere m; (Sdm+Dam)—monochromatic flux ..of total radiation 
incident on a horizontal surface for a mass of atmosphere m. 

Since all the observations made so far have been mainly obtained by 
means of thermoelectric pyranometers (in the USSR—by a pyranometer 
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devised by Yu. D. Yanishevskii), whose spectral sensitivity covers the 
spectral range 0.4-3.0 u [19, 39], it is necessary to consider measurements 
of integral albedo as related to this part of the spectrum. 

Ground measurements of albedo are usually carried out from a height 
of 1-2: m above the level of the underlying surface and consequently 
characterize the reflective properties of small territorial areas. Albedo 
‘can be computed from measurements of reflected and incident radiation 
at three intervals daily in the network of meteorological stations, viz. 
9 hrs 30 min, 12 hrs 30 min, 15 hrs 30 min (mean local time). 

The mean daily albedo may be considered as the arithmetic average. 
determined over these intervals. The reflection factor computed in this 
manner does not precisely define the average value of albedo ina day. The 
difference can be significant ‘over the long stretch of a day and especially 
in the case of those surfaces for which wide changes are characteristic in 
the course of a day. For a more accurate computation it is necessary to 


consider the mean daily albedo A or. the ratio of total fluxes of reflected 


radiation > R to the total incident radiation Se (a—>r | Ya). 


A comparison of mean values of albedo in a day evaluated as the ratio 


DR / Ya, with mean values computed as the arithmetic average of 
observations for several intervals (more than three), has been made in [8, 18]. 

The mean value of albedo over a month is usually computed as the 
arithmetic mean of the average albedo values over a month for each 
interval of observation as follows : 

Amon= eben " 24am 0 Yess 0, (4.2) 

where 1, 7), "y—number of measurements at intervals over a month. 

Average albedo over a season or a year may be defined as the 
arithmetic mean of average monthly values of albedo. 

The most precise method of computing average values of albedo over 
a month, season or year includes the determination of weighted mean values 
of albedo using weights equal to the ratio of the total incident radiation 
in an interval during which several changed values of albedo have been 
observed, to the total amount of incident radiation in the entire period. 
For instance, mean seasonal albedo can be computed from the following 
formula : 

Aseas= A,Q,+4,Q.+45Q03 
Qseas 

Indices 1, 2 and 3 indicate those three months of the season to which the 
given value refers. ‘The average yearly albedo can be determined from the 
formula : , 
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A w A, & Ay su A, a 
Ayr = Ae Qat Ase Qeot Ae Qovt ta Qo Bat Qt Aa Qa (4.4) 


where the indices w, sp, su, @ denote values corresponding to the winter, 
spring, summer and autumn seasons, respectively. 


2, ALBEDO OF DIFFERENT UNDERLYING SURFACES 


It is convenient to use the classification of surfaces suggested by 
E. L. Krinov while analyzing albedo, according to which soil and exposed 
rocks belong to the first class, vegetative covers to the second, snow and 
glacial surfaces to the third and water surface to the fourth. 


2.1 Albedo of soil surface 


The albedo of a specific type of soil can change considerably depending 
on its color, structure and dampness. ‘The albedo of soil decreases with 
increasing moisture (Table 4.1). The sharpest decrease in albedo occurs 
during an increase in humidity from | to 15% ; the value of albedo changes 
little with a further increase in humidity. Thus for example A=26% for 
sand with a humidity of 54, A=16% for a humidity of 15% A=14% for 
humidity of 25% (values a are taken from the chart) [21]. 


Table 4.1 Albedo (%) for moist and dry soil covers [3) 


Even surface Tilled surface 
Soil characteristic’ 
dry moist dry moist 

Chernozem of dark gray color 13 8 8 4 
Light chestnut soil of gray color 18 10 14 6 
Chestnut soil of grayish red color 20 12 15 7 
Gray sandy soil 25 18 20 11 
White sand 40 20 — — 
Dark blue clay 23 16 — — 


The dependence of the albedo of soil on the roughness, for instance, 
in the case of white clay soil at the foot of the’ mountains, is clearly illustra- 
ted in Table 4.2 (observations were carried out during identical condi- 
tions of illumination). Values of albedo given in the Table for different 
‘surfaces considered show that albedo.increases with decreasing roughness ; 
‘thus, for example, for a freshly tilled field albedo equals 17%, and for a 
leveled surface it is 30-31%. 


- Albedo of Earth's Surface and Clouds 195 


Table 42 Albedo of clayey white soil at the foot of a mountain [47] 


Surface characteristic Albedo, % 
Leveled 30-31 
Silt covered 28 
Covered by mulch as a result of tilling after wetting 27 
Covered by fine clods 25 
Covered by huge clods 30 


Freshly tilled field - 17 


2.2 Albedo of vegetative covers 


Albedo of vegetative covers differs with respect to the type of plants. 
For the same type of plants albedo depends on the condition of the surface 
(which is connected with variations in dampness) and the stage of 
vegetation (characterized by different heights of plants, by the density of 
grass stand, by color, by the amount of tilling, etc.). 

Table 4.3 shows that albedo increases for plants which change color 
(color becomes yellow) but do not change volume in the ripening process 
(corn, cereal crops). 


Table 4.3 Albedo changes in vegetative covers with respect to 
the stage of vegetation [5, 37, 55] 


Characteristic of vegetative cover aa ayo) 
Potato 
Height of plant 40-50 cm, coverage of earth less than 50%, green color 18 63 
Bulk coloring 16 71 
End of coloring 15 71- 
Start of wilting of stems 13 72 
Wilting stem, coverage of earth 50% 11 71 
Corn 
Height of plant 15-20 cm, coverage of earth 40-50% 16 69 
Height of plant 40-50 cm, coverage 70-75% 18 70 
Height of plant 140-200 cm, in green corn, coverage 80% 20 70 
Height of plant 200-250 cm, complete agricultural maturity 23 69 
Grass 
Green meadow grass, height 25 cm 18 30 
Meadow grass in the wilting stage 13 30. 
Winter crop of wheat 
Milky ripeness, light green 13 41.7 
Ceraceous maturity, yellow 17 41.7 


Complete maturity, light yellow ~ 21 41.7 
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2:3. Albedo of snow cover 


The physical properties of a snow cover are determined in the first 
place by the structure and the state of the snow, which continuously changes 
under the influence of weather conditions and many other factors. This 
accounts for the various types of snow surfaces as well as the large variation 
in albedo (Tables 4.4 and 4.5). ; 

From data given in Tables 4:4 and 4.5 it is clear that there are wide 
changes in the albedo of snow surfaces, viz. between 28 and 98% taking 
into consideration the density, structure and moisture of the snow cover. 
Special albedometric measurements were carried out in VNIGL* [29] to 
establish a relation between the pattern of these variations of albedo. The 
observations were made under identical conditions of incident radiation, 
so that the results of measurements could be compared among themselves. 
The following conclusions could be drawn on the basis of these investigations; 
for dry snow (freshly fallen, average-sized grains changing into huge-sized 
grains) the important variations in albedo occur in the range in low density 
snow pg from 0.16 to 0.28 g/m? during which albedo decreases by 
approximately 12%. However, albedo remains practically stationary 
with an increase in density from 0.28 to 0.32 g/m?. 

On an average albedo decreases by 33% for moist snow within the 
range of variation in density from 0.28 to 0.44 g/m% and in dampness from 
0 to 19%, This change in albedo is brought about not only by the difference 
in fe Aensily and dampness but also by the extent of impurity. 


2.4 Albedo of ice 


Investigations on ice surfaces, carried out in the Antarctic and on 
glaciers, indicate the wide’ variation of albedo as a result of the appearance 
and the melting of snow as well as its contamination. The average values 
of snow albedo in the Arctic region: are shown in Table 4.6. The albedo 
of ice floes is somewhat less than that of pack ice. The existence of snow 
in ice increases. albedo by 11-16% and the appearance of snowflakes 
sharply decreases albedo by 42% (Table 4.7). . Results of air reconnais- 
sance of ice carried out over the Davis Sea and over the adjoining part 
of the Indian Ocean show that different types of ice possess different values 
of albedo—from 2 to 20% (dark glass ice) up to 90-95% (shelf ice) (Table 
4.8). The flight was conducted at an altitude of 250 m. A striated- 
cumulus cloudiness of 9-10 pts prevailed over the sea. 


*VNIGL—Valdaiskaya nauchno-issledovatel’skaya gidrologicheskaya laboratoriya (Valday 
Scientific Research Hydrological Laboratory). 


Albedo of Earth’s Surface and Clouds 197 


Table 4.4 Mean values of albedo for different types of snow according to 
observations made in the Moscow region in 1955 [29] 


Bi cette Mey , Albedo, % 
Condition of snow 
BSy-s field forest 
Freshly fallen, dry or wet 82 82 
Fine grained, wet 73 65 
Medium-sized wet grain 64 56 
Large-sized wet grain 55 47 
Mottled region 47 .39 
‘Distinct spots of snow 36 31 


Table 4.5 Albedo of snow surface, according to data from oe 
stations SP-4, SP-6 and SP-7 [6] 


Albedo, %o 
Structure State of pear - 
mean maximum minimum 

Freshly fallen snow . Dry, pure, shining white 88 98 72 

Moist, shining white 80 85 80 
Freshly drifted snow Dry, clean, weakly com- 85 96 70 

pressed oh 

Moist, gravish white 77 BI 59 
Snow which fell or drifted Dry, clean 80 86 75 

2-5 days before 

Moist, grayish-white 75 80 56 
Dense snow Dry, clean 77 80 66 : 

Moist, grayish-white 70° -75 61 
Recrystallized snow Moist 63 75 52 
Snow and ice Dry, grayish-white 65 70 58 
Snow saturated with water Light green ; 35 —_— 28 


(snow at the time of 


thawing) 


The mean values of albedo characteristic of glacial surfaces in the 
Caucasus and Alps are given in Table 4.9. The value of albedo may 
change between 26 and 54% depending on the condition of the ice surface. 
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Table 4.6 Albedo of ice in Arctic region [59] 


Albedo, % 
Surface characteristic Condition of surface 
: a color 
mean maximum minimum 

Ice floc without snow 45 50 . 40 Green, dry (in spring) 
Melting ice floe 50 55 45 Gray, moist 
Melting packed ice without 56 67 49 Gray, moist (knobby) 

snow 
Frozen snowflakes (naslud, 44 50 42 Gray 


fresh pool ice) 


Table 4.7 Albedo of icy surface in June-August, 1957, at the station 
“Severnyi Polyus-7” [59] 


évios Surface Mean Ge ee ast "%o 
June (last ten days) Ice, partial snow 72 
July Melting ice 61 
August Ice, partial snow 70 
August Ice with snow 77 
July Snowflakes - 35 


Table 4.8 Albedo of ice surface in Antarctic region [1] 


Type of snow ee iienatisa Albedo, °% 
Dark glass ice 9-10 — 2-20 
Gray glass pancake ice 8-9 = 20-50 
Gray ice 9 = 50-70 
‘{ 7-8 1-2 60-70 
Grayish white and white ice including year old ice 9-10 1-2 70-80 
9 2-3 80-90 
Ice floe 9-10 2 80 
Shelf ice ee 2-3 - 80 
Shelf glacier — a 90-95 


Glacial domes —_ — 90 
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Table 4.9 Albedo of glacial surface in the region of El’brus 
and in the Alps (Hintereisferner) [8, 70] 


Surface Albedo, % 


Clear, moist névé 50-54 
Contaminated navé 46 
Pure ice, and ice covered by solt hail 39-41 . 
Contaminated melting ice _” 26-33 


2.5 Daily variation in albedo 


Overall roughness in the surface and the condition of illumination 
exert an influence on the daily variation of albedo (for the term “roughness” 
see [60]). The altitude of the sun, the relation between scattered and 
total radiations (or between direct and scattered radiations), as well as the 
change in spectral composition of the incident radiation, constitute the 
conditions of illumination. The last factor affects the daily variation of 
albedo of soils and vegetative surfaces (0.1-0.5% when Ak@=10°) less 
than the change in roughness (~1% for Ah@=10°) [15]. The albedo of 
soils (Table 4.10) and of vegetative surfaces (Fig. 4.1) possesses a minimum 
value at midday in the majority of observations under conditions of 
cloudless atmosphere, whereas with decreasing altitude of the sun their 
albedo rises. This fact has been reaffirmed by theoretical computation 
also [40, 60]. It should be observed that there exists an asymmetry in 
the value of albedo for vegetative covers in the course of a day with 
respect to midday [13, 37, 53]... The cause of this asymmetry has not been 
finally understood. The physiological properties of plants [53] may be 
considered as one of the causes. 


Table 4.10 Dependence of albedo of soils (%) on altitude of 
"sun in clear weather (2] 


Altitude of sun, deg 


Surface 
10 20 30 40 50 60 65 
Stony dry soil 22 16 14 13 12 12 1 
Clayey dry soil 34 29 21 20 19 18 17 


Grayish-green soil, dry _— 30 27 26 25 24 23 
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Fig. 4.1. Dependence of albedo of grass cover on solar altitude [53]. 
1—dry last year’s grass; 2—damp last year’s grass; 3—new grass; 4—grass cover (mean 
value for 12 days, June, 1959); 5—grass cover (mean value for 7 days, July, 1959) ; 6— 

‘grassy cover (mean value for 7 days, August, 1959); 7—old grass (September 30, 1959). 


A nonuniform variation of albedo (Table 4.11!) has been observed 
for vegetative surfaces of different roughness during changes in solar 
altitude by 1°, The dependence of the albedo of grass on solar altitude 
becomes more noticeable with a thick herbage (grass—May, June). This 
dependence is clearly expressed for “‘basaltiform’’ surfaces (sunflower). 
There exists practically no change in albedo within the limits of solar 
altitude between 10-50° for bushy growths, sparsely seeded (potato). 


Table 4,11 Variation in albedo (%) for 1° solar altitude for 
vegetative surface [13, 37] 


Solar altitude, deg 


Surface 
10-20 . 20-30 30-40 40-50 
Grass ‘ 
May 0.15 0.10 0.13 0.12 
June 0.25 0.18 0.12 0.05 
Meadow grass (thick herbage) . 0.46 0.35 0.20 0.15 
Sunflower ~ g 0.30 0.30 0.15 0.13 
Potato field _ 0.07— 04 _ 


The dependence of albedo on the ratios D/Q and $/D has been 
studied by many authors [13, 53]. A nomograph for the determination. 
of albedo for different ratios D/Q (Fig. 4.2) has been established from the 
data of numerous measurements taken in the course of seven years for 
grassy surfaces. ; 
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Fig. 4.2. The dependence of albedo of grass cover 4 on solar 
altitude A@ for different values of the ratio of scattered 
radiation to the total radiation D/Q [13]. 


The top curve shows the dependence of albedo on solar altitude for 
direct radiation. The curve is determined by extrapolation of correlational 
dependence of A on D/Q: The nomogram shows that the variation in 
albedo of grass covers with solar altitude possesses a nonlinear character for 
values of D/Q. The value of albedo at a given solar altitude decreases 
as the portion of scattered radiation in the total flux increases. Many 
researchers [37, 53] have indicated an analogous dependence in the range 
of solar altitude from 10 to 40°. A different dependence has. been observed. 
for solar altitudes above 40°, viz. albedo increases with an increase in-the 
portion of scattered radiation in the total flux [53]. However, in both 
these cases the variation in albedo does not exceed 1-1.5%, during a 
change from. 0.1 to 1.0 in D/Q or S/Q. In case of dense cloudiness (lower 
curve) the daily course of albedo possesses a level character. ; 

The condition of a snow surface is a determining factor in the daily 
course of its albedo. 
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Albedo has a minimum value around midday for dry pure snow in 
the presence of a clear sky, the amplitude of variation being 9% (ho= 
10-45°) [41]. However, an inverse dependence with maximum value of 
albedo at midday (20, 53] exists along with the indicated variation. Thus’ 
the following results were obtained for observations on March 21, 1961, for 
different masses of atmosphere m, viz. 


m 2 3 4 5 
A% 90.5 89.0 87.2 86.6 


Variation in albedo has also been observed in the course of a day 
[53] for freshly fallen snow. , 

The albedo for “‘scintillating” snow and snow cover on ice dome, 
for air temperatures below 0°, exhibits a clearly marked daily course with 
a maximum value at noontime. 

According to data in [6], the albedo of “scintillating” clear snow for 
h@ = 30° equals 85%, whereas for hg = 5-10°, A = 90-93%. 

The differences in the daily variations of the albedo of a snow surface 
can be explained by the dependence of the reflective properties of a surface 
on the angle of incident radiation and by the change in the spectral 
composition of the incident flux of direct solar radiation with’ respect to 
solar altitude. 

When the change in the properties of a surface is caused by a change 
in the temperature of the air, the daily course of albedo for thawed snow 
can be expressed in gradually decreasing values of A in the course of a day, 
from morning hours to evening, or by some increase of albedo in the 
afternoon, when the temperature of the air falls again. For instance, 
albedo for a spring snow which is thawing and contaminated (March) 
decreases from 53 to 40% for a rise in temperature of air from —8.3 to 
+2.5°. During subsequent decrease in temperature to —0.5°, the albedo 
increases again to 52% (h@ changed from 32 to 13°) [53]. 


3. ALBEDO OF BODIES OF WATER BASINS 


3.1 Albedo of bodies of water for direct 
solar radiation 


Since water in its pure form is a dielectric, the albedo of its surface 
for unpolarized light can be expressed by Fresnel’s formula. The results of 
theoretical computations indicate a considerable dependence of the albedo 
on the angle of incident radiation (Table 4.12). 

The albedo of water surface may be computed for direct solar adistion 
in the presence of perturbation by using Fresnel’s formula ; in which 
case it is necessary to know the wave profile (Table 4.13). 
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Table 4.12 Dependence of albedo (%) of water surface on 
the incident angle of direct radiation [44] 
Angle 
of 0 1 2 3 4 5 6 7 8 9 
incidence 
0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 
10 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 
20 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 
30 22 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.5 
40 25 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.4 
50 3.5 3.6 3.8 4.0 4.2 44 4.7 5.0 5.4 5.8 
60 6.2 6.6 7.0 7.5 8.2 8.8 9.6 10.4 11.4 12.4 
70 136 148. 162 178 196 215 238 260 268 314 
80 35.0 38.6 428 476 529 586 65.0. 72.0 806 89.6 
90 100.0 


Table 4.13 Albedo (%) of water surface for direct radiation in perturbation [48] 


Altitude of sun, deg 


Average 
curvature 
of wave 10 30 50 90 
10 18.4 6.9 2.9 2.0 
7.3 23.0 6.7 2.7 2.0 
6 25.7 6.5 2.6 2.0 
Calm 34.9 6.0 2.4 2.0 


The angles..of .incidence. of. solar. radiation..vary. considerably with 
respect to wavefront in the presence of disturbance, which leads to a 
definite dependence of the albedo on the amount of disturbance. This 
dependence is most clearly evident in the case of a low solar altitude (h@ = 
10°), when albedo decreases with an increase in the average curvature of 
the wave (angle of inclination of wavefront relative to the horizontal 
plane). For higher solar altitudes albedo rises with increasing disturbance, 
although this effect is negligible. 


3.2 Albedo of water basins for total radiation 
in a clear sky 


The albedo of water surface for total radiation in a clear sky is given 
in Table 4.14. The computation is carried out by considering the actual 
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intensity distribution of scattered radiation over the sky for different solar 
altitudes. The nature of the dependence of the albedo of a water surface 
on the extent of disturbance obtained in this case is the same as for direct 
solar radiation. However, the values of albedo for direct and total 
radiations differ considerably for lower altitudes of the sun (Tables 4.13 
and 4.14), 


Table 4.14 Albedo of water surface (%) for total 
- radiation in clear sky [48] 


‘Average Solar altitude, deg 
curvature . 
of wave, > 
deg 10 15 20 30 40 50 70 
10 14.0 12.0 10.0 7.0 5.0 3.5 2.8 
7.3 17.0 12.0 10.0 7.0 5.0 3.4 2.7 
6 19.0 13.0 10.0 6.8 4.8 3.4 2.7 


Calm 24.0 17.0 12.0 6.7 4.5 3.4 2.7 


The values of albedo for solar altitude in the range 5-90° have been 
given in Table 4.15 as a supplement to’ Table 4:14. The wind velocity 
uv m/sec is taken as the parameter of disturbance. The computation was 
carried out for total radiation in an optical thickness of atmosphere equal 
to’ 0.3, horizontal visual range of 20 km and albedo=10%. 


Table 4.15 Albedo of sea (%) for total radiation [32] 


Altitude of sun, deg 


v m/sec 
5 10 30 50 70 90 

2 16.0 18.4 9.4. 5.9 5.3 5.3 

5. 13.5 14.9 8.7 5.8 5.2 5.1 

10 13.1 14.3 8.7 6.5 5.4 5.2 

15 11.5 12.9 8.1 6.6 5.6 5.1 


The computations carried out show that the albedo decreases for 
altitudes of sun below 10°. It is possible to explain this decrease in albedo . 
on account of the predominant contribution of scattered radiation to the 
total flux (albedo of water surface is considerably lower for scattered radiation 
than for direct radiation [51]). - 
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3.3 Experimental data on albedo of water surface 


The experimental data for determination of the albedo of a water 
surface for total radiation has been qualitatively confirmed by theoretical _ 
computations. Thus, for instance, the dependence of the albedo of a sea 
surface for total radiation on solar altitude in a cloudless sky (Fig. 4.3) has 
been investigated in [14] for the case of no disturbance (curve 2) and for 
disturbance of 1-2 points (curve 1). Curve 3, obtained for a smooth 
surface from Fresnel’s formula, has _been introduced so as to compare 
experimental data with the computations in Fig. 4.3. From the measure- 
ments it follows that there is a close correspondence between experimental | 
and theoretical data in cloudless weather for the: range of solar altitude 
between 40 and 70°. The computed values of albedo are considerably 
below the observed values for h@< 40°. The deviations in the actual 
properties of a water surface from the ideal properties assumed for com- 


Fig. 4.3. Dependence of albedo of sea on solar altitude [14]. 


1—In the presence of disturbance of. 1-2 pts; 2—absence of disturbance; 
3—computed curve. : 
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putations using Fresnel’s formula explain the above disparity. A sharp 
decrease in albedo has been observed for very small solar altitudes (begin- 
ning with 5°), a result which has also been confirmed by theoretical com- 
putations [31]. 

, An analogous dependence of albedo on solar altitude has been observed 


for other bodies of water in the altitude range between 10 and 60° (Table 
4.16). 


Table 4.16. Dependence of albedo for water surface (%) on solar 
altitude in a clear sky [11, 43, 46] 


Solar altitude, deg 


Regions ee a ee ee 
10 ‘AS 20 30 40 50 60 
Black Sea 
shallow-water region 4) 16 12 9 7 6 
deep-water region 36 12 10. 6 5 4 
Norwegian Sea 18.0 11.0 7.0 4.0 _ —_ 
Kara-Kum water reservoir 24.4 19.8 . 14.4 11.770 10.5 10.0 


There is a characteristic low value of albedo’ in the deep-water 
region of the Black Sea, which occurs on account of the high transparency 
of water and in the complete absence of any influence from the bottom. 

The measurements in the Norwegian Sea were carried out during 
- moderate disturbance (height of cave 0.27-0.75 m). Mean monthly 
values of albedo are given in the case of the Kara-Kum water reservoirs. 
The higher values of albedo in the case of reservoirs can be caused by 
the high turbidity of water in comparison with the Norwegian Sea. 

The presence of disturbance in the water surface causes a decrease 
in the value of albedo, especially at low solar altitudes (Fig. 4.3) [14]. As 
already indicated, the variation in the angle of incidence of the radiation 
relative to the wave surface could be considered as the chief reason for this 
effect. If the disturbance in the water surface causes a decrease in trans- 
parency (which is characteristic for water reservoirs), then the albedo of 
this surface rises (Table 4.17).. Data for the following range of solar altitude, - 
viz. 30-60°, are given in this Table. 

The dependence of the albedo for water reservoirs on the transparency 
of the water is given in Table 4.18. 
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Table 4.17 Dependence of albedo on roughness for Volgograd 
water reservoir [17] 


Roughness, points 0 
5 


12 3 4 
Albedo, % 7789 


Table 4.18 Dependence of albedo on transparency of water, i@ =40-56° [42] 


Fishing reservoirs All reservoirs examined 
Transparency, Albedo, Transparency, Albedo, 
“m Fo. m “Io 
20-40 5.4 20-40 . 6.0 
41-80 4.6 41-80 5.3 
81-100 4.1 81-100 4.7 
101-120 3.9 101-120 4.2 
121-140 3.8 121-140 4.1 
141-160 3.8 141-160 4.0 
161-210 4.3 161-180 4.5 
: : 181-230 4.1 


3.4 Dependence of sea albedo for total radiation 
on cloudiness 


The albedo of total. radiation has been computed for varying 
‘cloudiness from data on actinometric observations over total radiation in a 


clear sky and over dense clouds considering observed values of the albedo of 
the sea (Table 4.19). 


Table. 4.19 Albedo (%) of water surface for total radiation in varying degrees 
of cloudiness of the lower stratum (roughness of 1-3 points, 
transparency of water 8-12 m taken from Sekki’s plate) [51] 


Cloudiness in tenths 


ke. 

KO} 
0 2 4 6 , 8 9 10 
5 27.4 26.3 24.8 22.3 17.8 13.8 7.0 
10 26.0 25.2 23.8 21.6 17.5 13.8 7.0 
15 19.4 18.7 17.6 16.0 13.3 10.9 7.0 
20 13.5 13.1 12.6 11.7 10.2 9.0 7.0 
30 8.1 8.0 79° 7.8 7.6 7.3 7.0 
40 5.8 5.9 6.0 6.2 6.4 6.6 7.0 
50 4.9 5.0 5.2 5.5 5.9 6.4 7.0 
60 4.0 4.2 4.4 4.7 5.4 6.0 7.0 
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In the range of solar altitudes 5-20° the dependence of albedo on 
the degree of cloudiness bears a non-linear relation.- Beginning with a 
cloudiness of 6 points the variation in albedo is most noticeable. The 
dependence of albedo on cloudiness is almost absent at a solar altitude 
of 30°. 

Similarly -the experimental data indicate a dependence of the albedo 
of water on cloudiness [14, 17, 59]. For instance, the dependence of the 
albedo of a water surface (mean values) on solar altitude for the Kara Sea 
‘is given in Table 4.20. In this case the valués ‘of albedo in’a clear and hazy 
sky coincide in the range of altitude of the sun between 25 and 35°. The 
albedo under a clear sky is significantly higher than the albedo under a 
cloudy sky for a lower altitude of the sun (5-10°). 


Table 4. 20 Albedo (%) of water surface of Kara Sea on clear 
or cloudy days (June-October) [59] 


Altitude of sun, deg’ 


5 10 15 20 25 30 35 
Clear 22 15 ‘13 12 10 10 10 
Cloudy 17 13 12 10 9 10 10_ 


(intermediate conditions) 


The varying transparency of water is one of the reasons for the 
different values of the albedo of water reservoirs under identical conditions 
of observation. The values of the albedo given in Table 4.18 for many 
water reservoirs (rivers, lakes) indicate an increase in albedo with 
decreasing transparency of water. 


3.5 Average values of albedo of water surfaces 
“The annual variation in average monthly values of the albedo of 
water surfaces at different latitudes under a cloudless sky is determined 
by the solar altitude and the condition of the surface (Table 4.21). The 
table shows the results of computations in which average values of the 
albedo for a day computed for the midday altitude of the sun at different 
altitudes have been employed. 

N. E. Ter-Markarayan computed the values of albedo in differerit 
degrées of cloudiness through interpolation from values of albedo of a water 
surface, these values being characteristic under the condition of clear 
as well as under an overcast sky. Computations were carried out for 
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: Table 4.21° Annual variation of mean monthly values of albedo (%) for 
a water surface at different latitudes under clear sky [45] 


Eades Jan Feb Mar Apr y May Jun Jul Aug Sep Oct Nov Dec 
cae ae : : : 


so — — 50 2 2 0° HW 1 4 SH 
8 7 #7 10 18,38 — — 

60... 47 2% 13 #7 #6 5 5 6 10:20 38 55 
50-23 #5 BT 87 
24 12 8 6 5 4 4 4 4 5 7 NH 14 
a ne ee a, aa ee a Se nn Ae 
°7200° 6° 5 4 4 4 4 4 4 4 4 5 6 
10° 5 4 4 4 4 4 4 45:54 5° 4 +4 5 
0 4 4 4 #4 #4 4 #4 4 4 4 4 4 


cloudiness in the lower stratum at different altitudes (Table 4.22). There 
is a linear dependence of albedo on the degree of cloudiness. The depen- 
dence of values of albedo on cloudiness is shown to be considerably weaker 
. in the summer months at lower and intermediate latitudes than in the. 
winter months at higher latitudes. : i - 

Table “4.22 Mean clade of albedo (%) of a water surface for total radiation 

’ ‘under vetyine degrees of cloudiness of lower stratum (roughness 1-3 pts, 
’ transparency 8-12 m) [49] 


Cloud- 6 a tes : . 
iness in Jan “Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
tenths : .. 


o°° 93 #77 #67 #57 58 56 56 56 63 58 82 9.7 
2. 92..°76 .67 58 58 57 57 56 64 58..81 9.5 
1S '4 5-89 75 -67 59 59 58 58 5.7 64 59 80 9.3 
6 86,75 68 60 61. 59 60 59 65 60 78 89 
8 80 7.2 68 64 63 62-63 62 66 64°76 83 
9 =°°7.7 70 68 66 66 65 65 65 68 66 74° 78 
02-70 -70-5.70 70 70 70 7.0 7.0 .70 70 -7.0.°7.0 


0 1260 «9.10075 963 6b 5.7 5.7 64 BL 10.7 14° 13.3 
2 12.2 90 75 63° 61°57 58 64- 80 106 11.1 13.0 
‘4-- 117 88. 74 64 62 .58 59 64 80 102 108 12.4 
6 11.0 85 74 65 64 60 60 65 79 97 101 11.6 
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8 97 80 74 66 65 62 64 67 75 89 91 10.1 
9 86 76 72 68 67 66 66 68 %73 381 83 889 
10 70 #70 #70 70 70 70 70 70 7.0 7.0 7.0 7.0 
p=50° 
0 18.0 142 96 7.7: 72 67 66 62 81 110 160 22.1 
2 172 138 95 7.7 #72 67 67 69 80 10.7 153 21.4 
4- 163 13.2 ‘92°76 7.1 67 ~6.7 69 7.9 10.5 14:7 - 20.0 
6 149 122 89 7.5 7.1 68.68 69 78 99 136 18.3 
8 124 105 83 73 7.1 68 68 %70 7.5 90 114 15.0 
9 103° 91 78 72 #70 70 69 70 73 82 97 125 
“10 70 #79 #70 70 7.0 %70 70 7.0 70 7.0 7.0 .7.0 


¢=60° 


0 270 203 1930 89 74 74 7.7 8.0 10.2 16.8 25.6 27.4 
2 258 194 128 87 7.3 7.3 76 80 10.0 16.2 248 26.3 
4 24.1 183 121 86. 73 73 76 79 9.7 15.4 23.1 246 
6 215 16.7. 113 83 72. 72. 75 78. 94 14.2 208 22:1 
8 17.0 138 99 79 7.2 72. 7.3, 76 86 11.9 166 17.6 
9 13.1 112 88 75 7.2 7.1 7.2 74 7.9 10.0° 12.8 (13.7 
10 70 #70 70 70 70 70 70 70 70 70. 7.0 7.0 
9=70° : 
0 “_ 27.1 203 125 100 89 92 105 158 256 243 — 
2 -— -958 196 11.7 98 88 91 103 15.3 246 °234 — 
4 — 238 .183 116 95 86 89 100 145 23.1 215° °— 
6 — 203 167 109 91 83 86 95 138 208 188 — 
8 — 161 136 97 85 79 81 88 116 166 146 — 
9 — 124 Ll 86 79 76 7.7 80 96 131 HG — 
10 — 70 70 70 70 70 70 70 70 70 70 — 


- 4. ALBEDO OF LARGE AREAS - 
4.1 Measurements of albedo from great height. 


__ Direct measurements of the albedo of large territories are of practical 
value. Such measurements may be.accomplished through pyranometric 
observations from an airplane.or a balloon. A similar method is described 
in [24, 57]-in detail. Airplane measurements of albedo, carried out over 
territories of several continents, gave practically identical values [64, 79] of 
the albedo for similar surfaces (under identical conditions. of observation). 
The most -prolonged measurements on albedo from an airplane were 
conducted by V-..L. Gaevskii (in the course of five years). Observations 
were made from a height of almost 500 m. A catalog of values of albedo 
for the. Soviet Union Territory, which is partially reproduced. in Table 
4.23, was composed from the‘data obtained where the limits in the values 
of albedo for many types of surfaces have been derived kalbieude of sun 
is indicated). 
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Table 4.23 ~ Albedo of natural surfaces, measured from an airplane 
over the Soviet Union Territory [2] 


: Surface : Month kh © AY, 
Tundras © Aug 24-36 11-23 
Swamps Aug 28-38 10-18 

Mar 34 11 


Forest (without leaves) . 
Coniferous forest _(against_ background of freshly fallen 


snow) Mar 19-23 35-40 
Forest (leafy, coniferous) Jun 39-55 14-17 
Aug 30-41 12-16 
Sep 26-38 19-20 
Leafy forest, covered by freshly fallen snow Nov 
Steppe Dec 12-25 48-55 
Jul ee 
Aug . 40-52 17-29 
Semidesert and desert 
Yellowish-gray sand Aug 56 25 
Light yellow sand Aug 50 37 
Gray sand ; Sep 36-45 20-28 
Soils 
Chernozem (moist) May 41-45 5-6 
Chernozem (dry) Jun 41-48 10-15 
Podzolic light gray soil Jul 40 25-28 
Podzolic gray soil Jul: 41 18 
Freshly fallen dry snow Feb 15 B1-88 
Mar 18 43 


Moist, porous, light gray snow 


The albedo of icy seas, depending on the thickness’ of the. ice, is 
given in Table 4.24 (average values of albedo for summer periods are 
indicated). A significant rise in the albedo for a marine surface was 
observed with the appearance of ice (for open sea.as well as for water in 
proximity to shoreline). 


Table 4.24 Albedo (%) of surface of icy seas for different 
thicknesses of pack ice (summer months) [59] 


- I Iciness in pts 
Place of obser- 


vation | 5s 

0 1 2 3 4 5 6 7 8 9 10 

Coastal water «6 7 Wl 15: 20 24 228 32 36 40 44 
Open sea 8 2 18 2 2 33 4 4 «53 «63° «73 


a SS 
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- Data obtained. from artificial satellites, just-like those obtained from 
an airplane, indicate a considerable variation of. ,albedo according to 
territory (Table 4,25). 


Table 4.25 Albedo of different surfaces, measurements obtained - 
‘from artificial satellite [66] 


Surface * Albedo; % 
Sands (White Sands, New Mexico, USA) 60. 
Sands (valleys, plains, slopes) 27 
Sands and bushes 17. 5 
Coniferous woods | ie 12 
Lakes (Great Salt Lake, USA) 9 
Mexican Gulf 9 
Pacific Ocean . 7 : ae : 
Snow 3-7 days old, covering forest laden slopes of mountains 59 


It is ‘necessary to take into consideration the inhomogeneity a the 
underlying surface during measurements of albedo from a height. Albedo 
changes most sharply at the boundary of two media possessing different 
values,-for example at the boundary of land and: water. .‘It follows from 
observations carried out by a helicopter over the Black Sea that for a flight 
at 30.m the apparatus will receive reflected radiation of dry land or water 
beginning at a distance of 600- 700 1 m in any direction from the dividing 
line (Table 4.26). 


Table 4.26 Albedo of sea (%) at different distances from the coast [16] 


Z a a! 3 i. : Condition of surface 
& 4 Es : 32 05 1 3 «8 

= A FE 4 as 

1 Sept 15 1445 24.9 122--—- 55 54° 5.4- Ripple; weak fleecy’ 
: ; clouds 

2° Sept 16.1615 218. 118 = 5.6-°54-'56--- - —doe 


3 Sept 16 1030 21.2: 118.44. .44°.4.5 .°4.5 7 Calmsea ,., * 


Albedo of Earth’s Surface and Clouds 213 
4.2 Variation in albedo with altitude 


Variation in albedo with the altitude is determined by the optical 
properties of the atmospheric layer situated at different distances from 
the ground. The albedo of the underlying’ surface is an important factor 
in. the variation of albedo for layers with identical optical characteristics. 
Theoretical [31, 60] and experimental data [30; 38, 87] show that the albedo 
of the earth’s surface-atmosphere systém increases with altitude under a 
clear sky for low values of albedo of the éarth’s surface, whereas it decreases 
for higher values of albedo :(above 30%). For instance, the values of 
a vertical gradient of albedo (£ = A/100. .m), obtained under a clear 
sky over surfaces showing | different values of albedo Ay, are shown in 
Table 4.27. uy 


Table 4.27 Vertical gradient of albedo under a clear sky [9, 38] 


Thickness of atmospheric layer, m dae 
Surface A @' ae) 
0-500 | 500-1000 1000-2000 
Snow (Jan, Feb) 8311-14 0.4 0.3 0.1 <0 [38] 
Snow (Apr) 340 41.6 «(0.58 0.11 0.10 <0 [38] 
Water (Jun) 34 >45 ~ 0.04-0.12 0.02-0.08  0.13-0.20 >0 [38] 


Steppe (Ju!) 26 >50 | 04 0.06 0.06 >0 [9] 


The determination of albedo up to altitudes of the order of 30 km 
was accomplished with the help of balloon probings [23]. The profiles 
of vertical distribution of albedo for. different meteorological conditions 
and: seasons are shown in Fig. 4.4. 

“The variation in’ albedo up to an: altitude ee 6- 8 km fecardel with 
balloon -probings is détermined’ by -the -degree of homogeneity of albedo 
in the underlying surfaces ; thus, for instance, in the case of profiles 2, 3 
and* 5 (Fig: 4. 4) the nature of the-underlying surface showed sharp changes 
in view-of the movement of the balloon along an: inclined trajectory. 

~In‘ithe case of transparent’ atmospheric masses albedo: remains 
ssratitically stationary -with altitude: for clear weather so that A = 21% 

. (profile 1, underlying surface—harvested and tilled fields). Turbidity of 
atmospheric masses may lead either to some-increase:in albedo, viz. from 
13% at an altitude of 6 km to 15% at a-level of 27 km (the case of low 
values for albedo. of underlying surface,. profile 2), or to some: decrease in 
albedo with-altitude, viz.:from. ee at 13 km to Bean at 22 km (profile 3, 

underlying surface being snow). nS 
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. Fig 4.4 Vertical profiles of albedo [23]. 
Under clear sky : 1) A@=17°35’, November 1962; .2) &@=55°30’-58°30’, May. 
1962; 3) h@=19°, November 1961; 4) A@==24°-27°, October 1965. Under cloudy 
sky : 5) h@ =58°48", July 1862; 6) h@ =26°21/-22°36’, October 1964 [1]. 


The significantly turbid stratosphere (profile 4) leads to a change 
in albedo from 19% at.9 km to 25% at 32 km. The presence of clouds 
in the.intermediate and upper strata (profile 5) increases.albedo (the value 
38% corresponds to a fine layer of cirrus cloud, located at an altitude of 
10-11 km). 

Profile 6 represents an especially strong influence of tropospheric 
mist. A turbid atmospheric. mass is situated directly. over.:a-cloudy layer,- 
and a decrease in albedo from 73 to 45% at 17 km results from the action 
of mist on the reflected shortwave radiation. . A further decrease of albedo 
is caused by a change in the number of clouds under.a balloon. 
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4.3 Seasonal variation in albedo of large areas 


The seasonal variation in the albedo of large territories is detefmined 
primarily by a change in the condition of the underlying surface in the 
course of a year. Sharp changes in albedo are connected with the appear- 
ance. and vanishing of-snow cover— For--instance, -.Fig.-4.5--represents the 
seasonal .variation-of albedo for a water surface (Ladaga Lake) and for 
bushes. Large changes in albedo, from 50 to 85%, may be: observed in 
winter. on account of snowfall and thawing. 


fou Wt WOM OVE VEE VINEEX: X XD xt 


Fig. 4.5. Annual course of the albedo of (¢) Ladaga Lake and (2) bushes (38}. 


V. V. Mukhenberg composed a Table of the annual course of albedo 
of the main zones of Soviet Union Territory for a complete climatological 
description of large territories (Table 4.28). 


5. GEOGRAPHIC DISTRIBUTION OF ALBEDO 


It is necessary to determine the mean values of albedo for large 
sections of an underlying surface over a long interval of time (month, 
year) in order to describe the geographic distribution of albedo. The 
material accumulated .from surface as. well as airplane measurements 
enables the. construction ofthe. distribution charts .of albedo over. many 
territories: thus, for example, the seasonal charts of albedo for the Territory 
of the Soviet Union [34], North America [79], Labrador region: of New-, 
foundland [67], as well as albedo-charts for the earth’s hemispheres [33, 82] 
were obtained. Mukhenberg suggested a computational method for the 
determination of average albedo of different zones of the earth [33]. . : 
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Table 4.28 Annual variation of albedo (%) [33] 


Type of 
under- 
lying 


Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
surface ; 


Tundras 80 80 80 80 80 32 18 18 45 79 80° = 80 
Forest 

region 46 46 46 45 14 14 14 14 14 37 46 6 
Steppe 70 70 70 31 18 18 18 18 18 20 51 70 
Desert 44 44 24 27 28 28 28 28 28 28 28 34 
Western 

regions 

of 

European 

Territory 

of USSR 

with un- 

stable 

snow 

cover 66 66 46 16 18 18 18 18 18 18 35 50 


Albedo charts of land surface of the earth for January and July are 
shown in Figs. 4.6 and 4.7. In these charts the mountainous regions are 
not elucidated on account of the absence of original data (regions of high 
mountains are shaded). 

A large change in albedo over the earth, viz. from 18 to 80%, is 
characteristic for the month of January (Fig. 4.6) [34]. The highest 
value of albedo, viz. 80%, is observed in high latitudes of the Northern 
Hemisphere, where the snowy surface remains uncontaminated - because 
of the low quantity of dust in the atmosphere and where there are practi- 
cally no forests. Albedo in the southern regions, with increasing coverage 
of the territory by forest, decreases, reaching a value of 45% in the region 
of dense forest. Approaching the area of the Steppes in the continental 
region albedo again rises and in the Steppes achieves a value of 70%. In 
regions of sea climate, where a stable snow cover is not formed, albedo 
attains. a value of 44 and 25% for arid and forest regions respectively ; 
a further decrease in the value of albedo with latitude is caused* by the 
varying state of snow cover. In the southern latitudes of the Northern 
Hemisphere and in the continents of the Southern Hemisphere (for which 
January is a summer month), with no snow cover at all (apart from Antarc- 
tica), albedo attains a value of 18 or 24% respectively, dependirig on 
whether January is a wet or dry month. In desert regions albedo equals 
28%. hie ie as 


nd Clouds 217 


Albedo of Earth’s Surface a 


[pg] Aaenuef ‘qiave oy Jo 


aauyms puey yo (%) opeqry “9°} “Sty 


ral 
ay 
Oe 
a 
yy 
Y ac 
| | 
Ay? 
0) 
A 
; IN 
Y Ds, 


‘[pg] -4qaf -ypxee agp yo aouzzas paey yo (%) opaqry ‘Z") “St 


hy 


id EN 
nY 

. 
SY =, 4 
VD 


Albedo of Earth’s Surface and Clouds 219 


N 
‘In June (Fig. .4.7) a snow cover was absent in all the territories 
surveyed. Variation in albedo with the territory is insignificant. In 
forest regions covered, with the coniferous variety of trees, albedo has a 
value of 14-15%. In the.Steppes and forest covered with leaves it is 18- 
20%, in dry Steppes and semidesert areas 22-24%, and in deserts it is 28%. 


6. ALBEDO OF CLOUDS 


. Investigations carried out from airplanes, balloons and artificial 
satellites, for the determination of the albedo of clouds show its dependence 
on the thickness and form of clouds and solar altitude, whereas for clouds 
of low density, it depends on the albedo of the underlying surface. For 
instance, the mean values of albedo of clouds may be found in the experi- 
mental data [24] where a value of A=68% was obtained for dense cloudiness 
of Sc, St, Ns types. The value of albedo becomes 70-75% [52] for clouds 
of thickness 1.5 km with an underlying surface of any type. 

Observations made by N. I. Chel’tsov in the Moscow and Arkhan- 
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Fig. 4.8. Dependence of albedo of clouds on thickness, from data obtained 
- during flights. Arkhangelsk 1949-1950 [57]. 
1) Sc, 10 tenths, transilluminating; 2) Sc, Cu, 10 tenths; 3) Sc, 10 tenths; 
4) Ac, 10 tenths. 
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_gelsk regions showed that the albedo of clouds substantially depends on their 
vertical thickness. The results of these investigations are shown in Fig. 
4.8. The graphs indicate an uneven growth of albedo with decreasing 
thickness of clouds. - Albedo increases most rapidly in relatively thin layers 
of cloud (to 200-300 m) and. significantly slowly for a further increase in 
thickness. The nature of the dependence of albedo on the thickness of 
clouds is identical for all types of clouds examined, with a change in the 
value of albedo alone. Analogous values of albedo were obtained in [4] 
for layers of clouds of thickness 200-300 m. 

For clouds of lesser thickness, as well as for transilluminating clouds, 
the albedo of the underlying surface plays a significant role (Table 4.29). 
Results of measurements given in ‘this Table refer to clouds of the lower. 
stratum ; moreover the clouds are provisionally divided into dense (under-. 
lying surface is not illuminated), intermediate (dense clouds with transparent, 
gaps), and translucent. The widest variations.in albedo, connected with a 
change in thickness of clouds, refer to observations over surfaces with small 
values of albedo (water, tundras). 


Table 4.29 Albedo (%) of clouds of lower stratum with different 
density for various types of underlying surface [52] 


; Clouds 
Breaking 
Underlying surface of snow, Clear sky 
tenths dense para translucent 

Snow, 9-10 tenths. 0 86 83 79 79 , 

1 82 76 70 70 

1-2 73 67 58 57 

2-3 71 61 51 45 
Tundra _ 61 46 30 .17 
Water _ . 58 45 25 8 


N. I. Goisa [12] studied the dependence of the albedo of stratiformis 
and stratocumulus clouds on the solar altitude for different water reserves 
and thicknesses of clouds. The values of - albedo indicated in Table 4.30 
refer only to cloudy cover, since the influence. of the underlying surface has 
been excluded, and ‘thie values’ of ‘relative transmission of radiation in the 
clouds have been taken into consideration. Albedo of St and Sc rises with 
the increase in thickness of the cloud: as well as with the increase of the 
water-content. ‘The dependence of the albedo of clouds on solar altitude 
is most clearly manifested in- the low values of thickness (120-210 m) and 
water content (0-20 g/m?) of clouds. ©: +.“ 
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Table 430 . Dependence of albedo (%) of stratiformis and stratocumulus clouds 
on solar altitude for different water content and thickness of clouds (12) 


Water content of cloud, Thickness of cloud, 


g/m? m 
woe po ee ee ey ge 
0-20 20-40° 60-80 130-170 120-210 190-340 340-440 500-660 600-760 
10 64 74 81 87 62 72 76 82 85 
20 56, 68 75 81.5 60 70 75 80 83 
30 51 64 71 78 56 66 75 78 82 
40 46 64 69.5 77 52 60 73 74 81 
64 


50 43 68 — 47 — 70 70 _ 


The albedo of clouds, computed from data collected by artificial 
satellite, changes within a wide range, from 29% to 86% (Table 4.31). 


Table 4.31 Mean albedo for different types of cloudiness, measured 
from brightness of television pictures of cloudy covers [66] 


Cloudiness Albedo, %o 
Curnulus-rainy clouds 86 
Cumulus fair weather clouds over dry land, more than 8 tenths 29 
Cumulus and stratocumulus clouds over land, more than 8 tenths © 69 
Stratocumulus clouds over land, more than 8 tenths 68 
Stratiformis, dense clouds at an altitude of 500 m over ocean 64 
Stratocumulus clouds, continuous mass over the ocean 60 
Stratiformis transilluminating clouds over the ocean 42 
Cirrus-stratiformis dense clouds 74 
Cirrus clouds over dry land 36 
Cirrus-stratiformis clouds over dry land 32 


7. ALBEDO OF THE SYSTEM: EARTH’S SURFACE- 
- ATMOSPHERE 


7.1 Planetary albedo of the earth 


The albedo of the earth’s surface-atmosphere system can be deter- 
mined as the ratio of radiative flux reaching the upper boundary of the 
atmosphere in the form of reflected radiation from the earth’s surface and 
radiation scattered in the atmosphere, to the incident radiative flux entering 
this boundary. 


222 Radiation Characteristics 


Theoretical computations of planetary albedo for the Northern 
Hemisphere (Table 4.32) enable us to determine the contribution to the 
albedo of solar radiation which is scattered by the cloudless part of the 
atmosphere and reflected from the ground. It follows from this Table that 
in the case of a clear sky the value of albedo changes mainly because 
of the Variable reflective power of the earth’s surface (depending on the 
season), whereas the contribution due to atmospheric: dispersion is almost 
stationary. A small variation in the contribution of back scattering to 
planetary. albedo may be explained by the insignificant dependence of ‘the 
optical thickness of the atmosphere on the season and the latitude. The 
mean planetary albedo of the Northern Hemisphere in a cloudless atmosphere 
reaches a value of 14.7% whereas considering cloudiness it is 35%. A small 
seasonal variation in albedo may be observed in this case ; 35.6% for 
winter and 36.3% for summer [80]. According to data from many theore- 
tical computations the planetary’ albedo of the earth; considering cloudi- 
ness, becomes 35% [7, 75, 77]. Experimental measurements of albedo, 
besides theoretical computations, are of great interest. 


Table 4.32. Seasonal distribution of the components of average planetary 
albedo (%) for clear sky (Northern Hemisphere [80}) 


Component of albedo Winter . Spring Summer Autumn 
Reflection from earth’s surface 9.0 7.4 5.0 6.0 
Scattering in atmosphere 8.3 7.6 8.5 7.4 
Complete planetary albedo 17.3 15.0 13.5 13.2 


‘An indirect method of measuring albedo based on photometric. 
measurements of ashen light on the moon in also known. Recent investi- 
gations in this direction have provided the following data [63] ; for A= 
0.554 u; Ay = 40% (average for 10 years); mean annual value-of albedo 
changes within the following limiting values, viz. 37 << A < 44% ; for 
other sections of the spectrum 


Au 0.467 0.544 0.606 
Ay % - 48 ; 39 31.5 


Direct measurements of reflected radiation from artificial satellites 
with the help of Eadiomcrets ‘Permit the computaion of Pee albedo 
(Table 4.33). te 

‘The values of: albedo for the entire earth's datlece Gacuding polar 
region) for the period of May and June change imperceptibly from 29.5 
to 30.5%. 
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Table 4.33 Planetary albedo, according to data from artificial satellite (62, 83, 85] 


Spectral Range of 


Satellite range, _—latitudes Month Albedo, % Month — Albedo, %%, 
“Tairos-IV” 0.2-5.0 60° N Feb-Jun 31 
(85) 60° 
“Tairos-VII”’ 0.55-0.75 63,5° Jun-Aug 28.4 Dec-Feb 32.9 
[62] ; 63.5° Sep-Nov 35.8 Mar-May 31.3 
“Nimbus-II” = 0,2-4.0 Polar May, 16-31 30.4 Jul, 1-15 30.2 
(83) orbit * Jun, 1-15 30.5 Jul, 16-28 29.5 


7.2 Geographic distribution of albedo for the 
earth-atmosphere system 


The data on geographic distribution of albedo for the earth- -atmosphere 
system are of ‘practical importance. 

According to computations [7], the year-to-year alae of albedo 
for intermediate latitudes in the illuminated part of the earth change 
within the limits of 32-43% (Table 4.34). 


Table 4.34 ._Year-to-year values of albedo for the earth-atmosphere 
system in the intermediate latitudes % [7] 


Latitude AY Latitude A% 


70-60°N 43 . 0-10°S ° ; 33. 
60-50 a 10-20 33 
50-40 0. °° | pean 20-30 33 
40-30 35 | * 30-40 35 
"30-20 .> 33 40-50 38 
20-10 32 Entire 
10-08 33 "earth 35 


Direct measurements carried out from artificial satellites permit an 
evaluation of albedo under real conditions. The latitudinal variation of 
albedo (Fig. 4.9) was computed from the data of satellite ‘“Tairos-VII’’. 
The dotted curve was plotted by considering the theoretical values obtained 
in [80]. The geographic distribution of surface albedo for the first half 
of June, 1966, is given in Fig. 4.10 [83]. . 


40 


‘20 


90°S 60 so 40 3020 to 0) 10 0 8 40 5080 90°N 


Fig. 4.9. ‘ Latitudinal distribution “of planetary albedo- [63]. 


Re a ta 1963; 2-Sept-Oct-Nov 1963; 3-Dec. an-Feb 1964; 
4—Mar-Apr-May 1964. 2 


‘While saahene the data from the aateline! one. . notices seve 
peculiarities of the albedo distribution over the earth’s surface. 

_ On an average albedo increases.as we move from: the. lower :to the 

higher latitudes. A minimum for. albedo may be observed in the sub- 
tropical and equatorial zones (regions of minimum cloudiness). The greatest 
variation in albedo (from 15 to 33%) may be observed in the. Northern 
Hemp for the latitudes 10-20° (Fig 4.9). 
- > “Phere exist characteristic values of albedo, 10-20%; for oceans with 
a minimum of cloudy cover. The influence of ‘cloudiness (Fig. 4.10) 
explains the higher values of albedo’ in latitudes north of 50° N and south 
of 40°S. A characteristic high value of albedo is found for the polar region 
of the.Northern Hemisphere starting from 70° N, which is caused by the 
presence of snow and ice surfaces as well as by a rapid decrease in solar 
altitude as we move toward the North. 

The longitudinal characteristics of albedo (see Fig. 4.10 and [88]) 
for the latitudes + 45°, + 20° and 0° show a more noticeable variation in 
albedo in the Northern as compared to the Sourthern Hemisphere. . As 
shown in Table 4.35, there is little change in albedo for the entire ek 
Hemisphere in the period May-June, the mean value being 32%. ° 
higher mean value of albedo (36.3%). obtained . through. theoretical :com- 
putations for the summer period [80], can obviously be attributed to the 
-fact that the real distribution of cloudiness does not ‘correspond’ to the 
distribution of cloudiness considered for theoretical.computations. - 
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Table 4.35 Mean zonal value of albedo (%) for the Northern Hemisphere [84] 


Latitude May June June July July 
16-31 1-15 16-30 1-16 16-28 
65°N 47.8 39.9 39.3 41.1 40.7 
70 60.3 52.3 47.2 45.7 44.9 
75 67.7 64.6 58.9 55.8 48.8. 
80 68.9 67.9 61.6 57.7 56.1 
85 - 66.3 65.7 61.9 56.6 55.2 
Northern 
Hemisphere 32.8 32.8 32.2 31.5 30.9 


PART Il. SPECTRAL ALBEDO 


8 VARIATION OF SPECTRAL ALBEDO UNDER 
NATURAL CONDITIONS 


Spectral albedo A, is the ratio of the amount of radiation flux in 
a specific interval of wavelength reflected by a given surface in all directions 
in the hemisphere, to the flux of radiation energy incident on this surface. 

The evaluation of albedo for many surfaces in the visible region of the 
spectrum (0.36-0.76 %) was carried out: with the help of a selenium 
photoelement (Table 4.36). The values of integrated albedo are also 
given in this Table. 


Table 4.36 Integral albedo A and albedo in the visible region of the spectrum 
Ao.26-0.76,, (ho =30-60°, clear) [71] 


Surface A, %o Ag.s9-0.78 p? Vo 
Fresh snow 70 78 
Old snow 58 66 
Limestone 57 46 
Sand 31 24 


Green vegetation 23 8.4 


The difference in the values of integrated albedo and albedo in, the 
visible region of the spectrum is caused by the reflection peculiarities of 
spectral properties of the surfaces. — 

The cofitiniiois movement of albedo over “the spectrum with a 
resolving power of the order of several nanometers can be determined 
through measurements on albedo by the spectrophotometric method. 
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The Department of Physics of the Atmosphere, Leningrad State University 
[22, 78) was the first to conduct these measurements under natural 
conditions. The monochrometers UM-2 and DMR-4 were employed as 
dispersive devices, whereas a spherical photometer served as the receiver 
for radiation. ; 


7 The values of albedo for the surfaces invéstigated in a clear sky are 
given in Table 4.37. A graphical representation of the spectral charac- 
teristics of albedo in the interval of wavelength 350-1000 nm is given 
in Fig. 4.11. : 
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Fig. 4.11. Spectral albedo of different natural underlying surfaces [22]. 

" 1~snow with ice-crust, 4@ =38° ; 2—large grained wet snow, 4@ =37° ; 3—water 
surface of a lake, h@=56° ; 4~—soil after thawed snow, h@=24°30'; 5—silage corn;. 
h@ =54° ; 6—tall green corn, A@=56° ; 7—yellow corn, A@=46° ; 8—sudan grass, 


h@ =52° ; 9—chernozem, h@=40°; 10—stubble of cereals, h@ =35°. 
There is a monotonic increase in the albedo with a rise in wavelength 
(from 400 to 1000 nm) in the visible and near-infrared regions of the spectrum 


for soils and road cover (class 1) (Table 4.37, Nos. 1-7; Fig. 4.11, curve 9). 
For the vegetative covers (class 2) the value of spectral albedo shows 
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Table 4.37 Spectral albedo of natural 


Wavelength, nm 


ho» 
No. Surface 
deg 

400 450 500 550 

5 Soils and 
1 White sand (river) 47 _— _ 34.0. 37.0 
2 Chernozem 48 2.1 24 3.3 5.2 
3 Asphalt road 48 — — 13.2 
4 Concrete road 47 — — 12.4 13.6 
5 Concrete in the form of light slabs 50 — _ 13.0 22.0 
6 Dirt road (dry) 50 x = 8.0 10.0 
7 Dirt road (wet) 50 — _— 7.0 8.8 

; Vegetative 
8 Sudan grass 52 2.0 . 28 2.8 -5.0 
.9 Alfalfa (June) 56 1.8 2.0 3.5 6.5 
10 Cabbage 50 5.0 5.8 6.8 8.0 
1i Green thick grass 56 2.0 2.8 3.6 5.2 
12 Tomato 53 _ 3.2 4.6 7.2 
13 Alfalfa (July) 53 1.8 2.0 2.8 4.2 
14 Clover 55 1.8 2.0 2.4 4.2 
15. Maple sapling 50 1.5 2.0 2.0 3.0 
16 Millet 57 _ _— = 8.0 
17. Thin grass 50 = 3.0 5.6 7.0 
18 Bulgarian pepper 46 _ 4.7 5.2 6.0 
19 Biennial vineyard 50 2.3 2.9 3.3 5.0 
20 Fruit-bearing wineyard 42 —. 2.4 2.7 5.2 
21 Silage corn 54 2.0 2.3 3.0 5.8 
22 Tall green maize . 56 — 3.8 5.0 7.6 
23 Yellow corn 46 5.0 7.0 _ 8.0 10.6 
24 Sunflower 52 1.5 2.0 25 7.9 
25 Stubble of cereals (thick). 35 6.0 7.6 8.2 10.2 
° 26 Straw 56 6.0 8.0 11.0 14.4 
27 Mowed silage corn “52 4.2 5.6: 7.0 8.0 
28 Dry grass 28 3.5 4.5 - 5.6 7.0 
29 Annual wineyard 50 3.0 3.3 4.1 5.2 
30 Seedling of winter wheat 48 4.0 4.3 5.0 6.6 
31 Soil after thawing of snow 24 2.0° 2.5 4.0 5.8 

: : Snow 
32 .Dry freshly fallen snow 30 85 87 90 90 
_ 33 Wet freshly fallen snow 30 83 85 87 87 
34 Wet snow 38 62 66 67 67 
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surfaces in a clear sky [22] 


600 650 700 750 800 850 900 950 1000 
road covers 
40.0 44.0 46.0 48.0 ~* 49.0 50.0 54.0 a = 
5.3 5.8 6.8 79 9.3 10.7 12.0 12.7 13.0 
16.5 18.2 19.2 19.8 20.4 20.9 22.0 22.0 24.0 
15.3 15.1 16.6 20.4 22.3 22.8 22.9 23.2 25.0 
29.0 34.0 38.0 39.0 40.0 40.0 40.0 
12.0 13.0 15.0 20.0 22.0 24.0 26.0 26.0 = 
9.0 9.6 12.0 16.8 19.4 20.8 21.6 21.6 = 
covers 
3.8 3.0 6.0 43.0 50.0 51.0 51.0 51.0 = 
5.2 4.8 11.7 35.0 40.0 42.0 42.0 42.0 41.0 
9.4 7.6 13.0 37.0 42.0 44.0 44.0 41.0 — 
6.2 5.8 5.6 23.0 39.6 40.0 39.2 38.5 37.7 
74 6.4 13.0 26.0 30.0 32.0 32.0 — — 
3.5 6.0 9.2 24.0 28.0 30.0 30.0 30.0 30.0 
44 3.8 8.0 23.0 30.0 32.0 33.0 34.0 as 
3.2 3.1 6.0 20.0 23.6 24.0 24.0 24.0 = 
9.6 10.0 12.6 27.0 30.0 32.0 35.0 36.0 = 
5.0 4.5 8.4 19:0 27.0 28.0 29.0 29.0 30:0 
7.0 7.2 14.0 22.0 26.0 28.0 31.0 —_ = 
52 5.0 14.0 22.0 25.0 27.0 28.0 29.0 29.0 
43 4.0 4.0 18.0 26.0° —«-28.0 29.0 29.0 29.0 
5.4 4.2 8.0 28.0 32.0 33.0 34.0 35.0 35.0 
7.6 7.3 10.8 24.0 29.0 28.0 29.0 30.0 30.0 
11.8 13.0 16.4 22.4 24.0 25.0 27.0 28.0 29.0 
7.1 6.5 10.0 21.8 25.0 27.0 28.0 29.0 29.0 
12.9 15.5 18.6 20.3 28.0 30.5 32.5 33.2 33.9 
20.6 26.0 30.0 36.0 38.0 40.0 43.0 43.0 a 
7.6 74 9.0 14.0 15.2 15.8 19.9 20.4 21,1 
8.7 11.0 13.6 16.5 19.3 21.0 22.5 23.5 24.0 
6.2 6.0 8.3 10.5 12.0 13.0 13.6 14.2 14.5 
7.2 7.2 10.4 14.0 17.2 19.4 21.0 21.8 22.6 
7.0 6.8 11.0 15.5 16.7 17.8 20.1 20.8 20.8 
cover 
90 90 90 90 89 87 86 Bi 78 
87 86 86 86 86 84 82 76 70 
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a slight rise with increase in wavelength from 350 to 550 nm. The observed 
decrease in the value of the albedo for further increase in wavelength is 
caused by the presence of the fundamental absorption band of chlorophyll 
(650-680 nm). There is a sharp increase in albedo starting from the 
wavelength A=700 nm. It attains a maximum value in the segment of 
the spectrum 800-1000 nm. In this region albedo may either remain 
stationary or decrease slightly in the range 850-1000 nm. Albedo exhibits 
a different value for each type of vegetative cover. High albedo values 
for plants of a bright green color are characteristic in the infrared region 
of the spectrum (40-50%) and the absorption band of chlorophyll is clearly 
expressed (Fig. 4.11, curve 8 and Table 4.37, Nos. 8-11). 

Similarly the absorpion band of chlorophyll for grass covers in the 
later stages of growth (color of surface—dark green) is clearly expressed, 
but albedo in the infrared region of the spectrum is lower than in the 
first case, being equal to 30-32% (Fig..4.11, curve 5; Table 4.37, Nos. 12-14, 
21). Surfaces with vegetation in the form of bushes possess analogous 
albedo characteristics (Table 4.37, Nos. 15, 19, 20). 

Surfaces with sparsely planted and undeveloped vegetation exhibit 
all the peculiarities shown by thick green herbage which is rather weakly 
expressed. The contour of absorption bands of chlorophyll is blurred 
(Fig. 4.11, curve 4 ; Table 4.37, Nos. 29-31). 

The variation of spectral albedo with respect to the phase of vegetation 
can be. followed, for instance, from the development of corn (Table 4.37, 
Nos. 21-23; Fig. 4.11, curves 5-7). According to the growth of the plant, 
i.e., during transition from silo to tall green corn, the profile of the absorp- 
tion band of chlorophyll changes (it becomes less explicit) and in the 
segment of the spectrum 450-700 nm albedo increases by 2-3%. In the 
range of wavelength 750-1000 nm the value decreases by 2-5%. When 
corn ripens (when it turns yellow) albedo increases in the region 400-700 nm 
and the absorption band of chlorophyll disappears. A further increase 
in albedo occurs in the region 600-1000 nm for grain stubble. 

The spectral properties of plants (leaves of different plants, lichens, 
desert plants, coniferous plants) [73] have been investigated in the 
laboratory for the region: of spectrum 0.4-2.0 up. The data from these 
measurements qualitatively confirm the results for albedo obtained under 
natural conditions [22]. 

The spectral albedo of snow cover, as opposed to the albedo of other 
surfaces, is widely changeable in magnitude because of variations in the 
nature of the snow cover. All snow covers investigated possess fully 
deteriihed spectral characteristics, especially a slight decrease in albedo 
on the side of short wavelengths and a stronger decrease on the side of 
wavelengths with respect to a smooth maximum in the region 500-700 nm, 
where selectivity .of reflection is almost absent (Table 4.37, Nos. 32-34 ; 
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Fig. 4.11, curves 1, 2). A further decrease in albedo occurs as the wave- 
length changes from 1.0 to 1.65 p. Such a movement of albedo for snow ~ 
and ice surfaces was obtained during experimental investigations, the 
measurements being made under natural conditions with the help of inter- 
ference filters. The data from measurements (taken from the graph) are 
shown in Table 4.38. . 


Table 4.38 Spectral albedo (%) of snow and nove [69] 


Wavelength, nm 450 500 550 600 650 700 
Snow 775 79.5 80.0 80.0 80.0 80.0 
Nave 65.0 66.0 675 68.0 70.0 70.0 
Wavelength, nm 750 800 850 900 950 1000 
Snow 80.0. 785 75.0 72.5 71.5 70.0 
Nove 70.0 70.0 665 640 600 50.0 
Wavelength, nm 1050 1100 1150 1200 1250 = 1300 
Snow 70.0 685 650 60.0 575 52.5 
Novo 50.0 45.0 41.5 34.0 26.5 23.5 
Wavelength, nm 1350 1400 1450 1500 1550 1600 1650 
Snow 525 50.0 345 200 200 18.0 200 
Neve 20.0 160. 7.5 4.5 2.5 2.5 2.8 


The spectral albedo of water surfaces, measured over a lake of 
depth 60-70-cm (bottom covered by a seaweed) is shown in Fig. 4.11, 
curve 3. Small values of albedo in the entire range of wavelengths investi- 
gated between 428-850 nm are characteristic for the given water surface. 
According to the spectrum the variation in albedo does not exceed 4%. 

There exists a maximum value of albedo at midday in the range of 
wavelengths 400-1000 nm for all the surfaces investigated (similarly 
for integral albedo). The coefficient K obtained from the data in [22] 
defines the dependence of albedo on the altitude of the sun. The coeffi- - 
cient X is equal to the ratio of albedo for given solar altitude to its value 
at the altitude 4@ =50°, which is taken as a unit. The values of K, averaged 
over wavelengths 400-1000 nm, are given in Table 4.39. The values 
of K are primarily determined by the structure of the surface. Thus, 
for instance, for chernozem at hg=18°, K=1.13, and for mowed silage 
corn (column-type surface) for the same altitude of the sun K=2.00. The 
greatest variation in albedo with respect to midday values corresponds to 
h@<35°. 
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Table 4.39 The dependence of conversion factor K upon solar 
altitude in a clear sky [22] 


Solar altitude, deg 


Surface 
50 45 40 35 30 25 . 20 18 
Chernozem 1.00 1.00 1.02 1.04 1.06 1.08 1.10 1.13 
Sparse grass 1.00 1.00 1.03 1.08 1.16 1.22 1.24 1.27 
Green thick grass 1.00 1.03 1.07 1.14 1.19 1.25 1.29 1.32 
Silage corn 1.00 1.04 1.07 1.12 1.21 1.32 1.42 1.45 
Yellow corn 1.00 1.05 1.09 1.20 1.37 1.54 1.69 1.76 


Mowed silage corn _1.00 1.00 1.07 1.15 1.33 1.59 1.89 2.00 


9, LABORATORY MEASUREMENTS OF SPECTRAL 
CHARACTERISTICS OF REFLECTION FROM 
DIFFERENT SURFACES 


The spectral characteristics of surfaces in the farther region of the 
spectrum, viz. 0.7-2.3 u, obtained on the basis of laboratory measurements, 
are given in Table 4.40. The values of the coefficient of brightness 
measured on the spectrogonio-photometer for different angles of incident 
radiation ¢ and reflection 6’ are given in the Table. Fig. 4.12 presents the 
spectral coefficients of brightness for different surfaces derived from [26, 
68, 72]. For vegetative covers there is a little change -in the coefficient of 
brightness in the region of the spectrum 0.7-1.3 » with a maximum value as 
compared with the visible segment and a spectral range of 1.4-2.2 yp. 
Absorption bands of water are situated-in the region 1.5 and 2.0 » which 
disappear in proportion to the desiccation of plants. 

There exists a characteristically monotonic decrease in coefficients 
of brightness in the region from 0.4 to 2.3 » for snow-covered surfaces 
along with the presence of an absorption band in the regions 1.0, 1.3, °1.5 
and 2.0 yu. Theoretical computations of spectral coefficients of brightness 
of snow [72]. obtained for crystals of different sizes (Fig. 4.12,-graph 7) 
confirm the results of laboratory investigations (26, 68]. 

' The spectral characteristics of building materials and dry sand 
in the infrared region possess an identical movement but differ considerably 
in values. The dependence of coefficient of brightness of soil samples 
upon the humidity content is evident in the-case of silty loam (Fig. 4.13). . 
Thus, for instance, for A=1.9 » the coefficient of brightness decreases from 
58.9 to 13.6% when. the humidity content of the soil changes from 0.8 to 
20.2% respectively. The spectral coefficient of reflection for different 


Table 4.40 Spectral coefficients of luminosity [26] 
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: §= 5°, 0’ = 5° 
eens ° 
ca o 8 a 

a ed lilac leaf oy brown turf 

A eo oD z a. ey 
oo oR aa ro a] 6 
On Fk g 3 2 § 
tay ie & 2 ¢ 3 3 
= ea ma iz > Ss > 2 
ose ee ae ce 
0.70 0.99 0.25 0.28 0.12 0.31 —_— — —_— 0.62 ~=0.41 
0.75 41.01 036 049 036 0.47 0.05 —_ — 0.65 0.38 
0.80 1.03 040 051 042 O52 O10 O12 0.06 056 .041 
0.85 1.01 0.43 0.43 0.48 0.51 0.12 0.22 0.13 0.60 0.36 
0.90 0.98 0.44 0.49. 0.54 0.53 0.22 0.21 0.20 0.58 0.39 
095 095 046 045 0.56 053 “027 025 026 059 0.40 
100 0.92 046 043 0.54 0.56 0.30 0.29 0.27 0.62 0.40 
105 091 047 043 O52 O55 032 031 0.30 063 0.37 
"1.10 O91 O46 045 054 O55 O36 O33 033 0.66 0.39 
_1.15 0.91 0.43 0.44 0.54 0.54 0.37 0.35 0.34 0.67 0.38 
1.20 092 041 042 053 053 0.40 0.37 036 066 0.38 
125 0.93 040 040 0.52 053 O41 040 036 061 0.37 
130 093 0.39 037 O50 052 042 041 0.37 0.69 0.36 
135 0.94 -035 034 049 O51 040 040 0.38 069 0.35 
1.40 0.94 0.25 0.19 0.49 0.49 0.34 0.41: 0.37 0.70 0.36 
145 095 O12 O13 0.44 045 0.27 038 0.35 069 0.35 
150 0.95 O11 0.15 043 044 O27 O39 036 0.70 0.34 
1.55 0.95 0.15 0.21 0.43 0.45 0.30 0.41 0.38 0.69 0.33 
1.60 0.95 919 0.25 0.43 0.46 0.34 0.42 0.39 0.69 0.33 
1.65 0.95 0.23 0.27 0.44 0.46 0.37 0.42 0.39 0.71 0.33 
1.70 095 024 026 O41: 045 O37 041 0.38 .069 0.33 
‘1.75 0.95 0.24 0.24 039 0.44 036 039 0.37 0.64 0.32 
180 095 0.22 0.22 038 043 0.34 039 0.37 0.70 0.32 
185 095 0.19 021 039 044 0.34 040 0.37 066 0.33 
190 095 0.10 0.10 038 043 O27 036 036 -063 0.31 
1.95 0.95 0.03 0.04 0.30 0.34 0.12 0.29 0.29 0.62 0.27 
2.00 0.94 0.02 0.05 0.31 0.33 O13 O31 O31 063 0.28 
2.05 094 0.03 0.07 O31 O33 O15 O31 032 065 0.29 
2.10 0.94 0.04 0.08 0.33 0.30 0.18 0.29 0.30 0.61 0.29 
2.15 0.94 0.06 0.08 0.26 0.29 =60.20 0.28 0.30 0.50 0.29 
2.20 0.94 0.07 0.06 0.23 0.28 0.21 0.27 0.30 0.58 0.26 
2.25 _ 0.09 0.07 0.21 0.26 0.21 0.23 0.26 0.66 0.22 
230 — 0.08 0.06 O20 023 0.17 0,23 0.64 0.21 
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Fig. 4.12. Coefficients of brightness for different surfaces [62, 68, 72]. 
1—fine sand [26]; 2—plant leaves [68]; 3—birch leaves (freshly collected) [26}; 4—black 
turf (moist) [26]; 5—snow (old) [68]; 6—snow (freshly fallen) [26]; 7—snow 
(the graph is computed for particles of size 2.54 mm) [72]. 


samples in the distant region of spectrum, viz. 0.7-100 pu, is given in Fig. 
4.14 as well as in Table 4.41 (data are taken from the graph). These mea- 
surements were accomplished through the method of mirror-like hemi- 
sphere. All the indicated spectral characteristics of samples possess the 
minimum value of reflection coefficient in the absorption bands of water 
of about 3 » and in the wide band with center at 6.25 yu. 
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Fig. 4.13, Dependence of coefficient of brightness of silty loam on 
wavelength for different humidity contents [65]. 
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10 — $0 100 A 
Fig. 4.14. Spectral coefficients of water reflection for different 
samples in the region 0.7-100 / [28]. 
1—sand; 2—soil ; 3—asphalt. 


Table 4.41 Spectral coefficient of reflection (%) for different 
samples in the region of spectrum 0.7-100 p. [28] 


Green Green 
Ap Lai Brick Concrete Au nee Brick  Conerete 

lemon lemon 
0.7 41.2 50.0 21.2 10 4.7 11.8 5.9 
1.0 418 40.0 21.2 15 59 28.2 7.1 
1.5 37.6 54.7 24.7 20 5.3 6.5 4.7 
2.0 22.9 52.3 29.4 30 4.7 10.6 4.7 
2.5 12.9 48.2 26.5 40 — 5.9 9.4 5.9 
3.0 4.7 21.8 4.1 50 5.9 8.2 7.3 
4.0 12.0 44.7 12.9 60 5.3 — _ 
5.0 10.6 18.8 12.9 70 — _ _ 
6.0 10.6 10.6 5.9 80 _— 37.4 15.3 
7.0 6.5 8.2 2.9 90 _— 38.8 15.9 
8.0 4.1 6.2 5.9 100 — 40.6 18.8 
9.0 4.1 11.8 4.7 


An analogous character of reflection for samples of mountain rocks 
for the region 0.5-22 » has been obtained in [76]. The similar character 
of reflection for sand, soil, asphalt and concrete is accounted for by the 
generality of their chemical structure. 


10. ALBEDO OF WATER RESERVOIRS 


10.1 Albedo of water reservoirs for direct 
solar radiation 


Albedo of ‘a water surface, computed for direct solar radiation (from 
Fresnel’s formula), in the limits of wavelength 0.214-1.256 decreases 
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monotonically with increasing wavelengths, especially for large angles 
of incidence of radiation (Table 4.42). The dependence of the albedo of 
water surface on wavelength can be determined as the refractive index 
of water in the region of the spectrum being examined. 


Table 4.42 Albedo of aqueous surface for direct radiation 
for 0.214-1.256 p. [50] 


Wavelength, p 


Qo 

3 

% 0.214 0.303 0.405 0.486 0.589 0.671 0.768 1.028 1.256 

3 

[s) oa 
A> i Refractive index s 
‘S : t 
x 
£ 1.403 1.358 1.343 1.337 1.333 1.331 1.329 1.324 1.321 < 
0 280 2.30 2.10 2.08 204 2.01 200 195 191 2.10 
10 2.90 2.30 2.16 2.009 2.05 2.05 2.00 2.00 191 2.14 
20 - 290 ~2.32°°°2:19 2.10 2.05 2.05 2.03- 2.02 194 2.18 
30 2.97 242 2.25 2.16 2.16 2.10 2.10 2.06 2.04 2.26 
40 3.32 2.72 2.50 249 246 242 240 2.32 230 2.52 
50 4.36 3.74 3.52 3.45 3.35 3.30 3.30 3.22 3.19 3.46 
60 7.25 640 6.15 - 600 5.95 5.92 .5.85 580 5.75 6.12 
70 15.1 140 135 135 133 133 13.3 131 13.0 13.7 
15 23.2 °220 21.5 21.5 212 21.2 21.1 20.9 209 21.7 
80 36.8 35.6 35.1 348 348 34.7 348 344 344 35.6 
85 60.0 58.1 585 58.5 584 584 584 58.2 582 59.6 
90 100 100 100 100 100 100 ©6100 §=6°100~— 100 


100 


The albedo of an even water surface for the spectral range 1.5-314.0 u 
-with respect to the angle of incidence. of the radiation is given in Table 
4.43, Evaluation was carried out according to Fresnel’s formula by 
considering absorption of radiation.in water. For the section of the 
spectrum 1.5-12 u the albedo of water possesses a lower value as compared 
to the region 12-314 », which may be caused by the different spectral 
properties of water in the indicated region of the spectrum. Laboratory 
measurements of the coefficient of spectral reflection r, of water in the 
region of the spectrum 1-40» for different angles of incidence point to an 
analogous spectral dependence [81]. The coefficient of reflection rapidly 
rises with an increase in the incident-angle 7, especially above i=70°. Thus, 
for instance, for A=9 v, 7°45 =3% when 7=50° and 7',=98% for 7=80°. 
-For an increase in the angle of incidence from 50 to 80° the intensity of the 
‘absorption bands decreases and the spectral. course becomes:smooth. 
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Table 4.43 Albedo of an even water surface. for wavelength -1.5-314 1 
with respect to incident angle of radiation [36] 


Au - 

10 20 30 40 50 60 70 80 85 
1S 195 195 204 233 321 .5.75 130 344 581 
20 ~ 1.74 1.76 183 - 2.11 296 545 12.4 336 57.6 


3.0 340 341° 353 394 520 835 166 386 61.4 
3.2 4.12 413 426 471 595 920 175 394 61.8 
34 325 3.28 339 3.78 488 790 159 376 60.5 
45 ~214 216 224 257° 349°° 625 142° 352~ 58.6 
547 168 169 41.77 2.04 285 530 123 335 57.3 
6.0 2.00 202 211 237 332 600 144 35.1 58.6 
7.0 2.00 2.02 212 245 333 590 133 348 584 
8.0 168 168 176 204 287 525 123 336 57.5 
90 144 146 153 1.79 255 484 6 326 566 
10.0 095 098 1.01 121 1.82 3.70 9.75 298 542 
11.0 0.80 O81 085 1.20 153 3.21 9.00 289 53.5 
12.0 200 2.15 216 251 . 365...680. 156 383 61.5 
13.0 3.08 3.11 325 391 5.10 855 176 405 63.0 
15.0 530. 540 5.50 613 780 119 215 441 65.6 
18.0 6.70 680 690 740 905 129 219 442 65.0 
52.0 795 8.00 820 880 104 143 233 444 655 
63.0 108 108 2110 115 130 165 244 448 65.0 
83.0 118 118 1207 125 139 172 25.0 444 64.4 
100.0 123 123 125 130. 143 174 248 43.7 63.7 
117.0 128 128 130 135 148 178 25.0 436 635 
152.0 134 134 135 141° 153 183 25:55- 439 63.6 
314.0 151 «1520 15.3 15.7) 17.0 20.17. 45.24. 


- The spectral course of albedo for a water surface in the visible region 
of the spectrum, computed for total radiation at high solar altitudes, is 
similar to the spectral movement of albedo for direct solar radiation [20]. 


10.2. Dependence of albedo for water reservoirs. on 
cloudiness 


The influence of cloudiness on the value of albedo for a water surface 
has been computed for the region of the spectrum 1.5-83 » (Table 4.44). 
For the computation they used calculated coefficients of reflection of water 
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- and measured angular distribution of intensity of atmospheric back-radiation 
over the sky when it is clear and in the presence of dense cloudiness for 
different amounts of water vapor in the atmosphere. From the Table it 
is evident that during calm weather cloudiness exerts an insignificant 
influence on the value of albedo for a water surface. © 


Table 4.44 Albedo (%) of a water surface under a clear sky, and 
. ‘under cloud, for wavelengths 1.5-83.0 ,, [36] 


Wavelength, » 
Condition of 


sky 
15 2.0 3.0 3.2 4.5 5.5 6.0 8.0 
Clear 
wea =0.41 g/cm? 6.4 6.1 8.7 9.4 6.9 6.1 6.7 6.0 
Cloudy 


wy =0.34 g/cm® 6.1 5.8 8.2 9.0 6.6 5.8 6.3 5.7 


Condition of 


sky 
9.0 10.0 11.0 12.0 15.0 18.0 52.0 83:0 
Clear 
weno = 0.41 g/cm? 5.6 4.6 4.3 7.5 11.6 12.7 13.9 17.0 
Cloudy 


w~=0.34 giem* = 5.3 44 4.0 70 «14 «122 13.5 16.6 


NoTE : wep —amount of water vapor in a column of atmosphere of unit cross section, 
wy—amount of water vapor in a layer of air from the ground to the clouds (column of 
unit cross section). 


11. SPECTRAL ALBEDO MEASURED FROM AN AIRPLANE 


Direct measurements of spectral albedo from an airplane or a balloon 
are lacking. Only in [66] one finds measurements on the spectral albedo 
of lower undergrowth and an eroded sand surface from an. altitude: of 
300 m. Interference filters and spherical photometers for the reception of 
radiation (region of spectrum 400-650 nm) .were. used for.. the mono- 
chromatization of radiation. 

The dependence of albedo upon solar altitude for this surface is shown 
in Table 4.45 (data taken from the graph). A decrease in albedo for 
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lower solar-altitudes starting from ho=10° is characteristic, and this 
agreés with the data of [53]. 


Table 4.45 Dependence of albedo (%) upon solar altitude for lower 
-undergrowth and eroded sand surface [61] 


Solar altitude, deg 


}nm 
60 50 40 30 20 15 10 5 
400 11.3 11.3 11.6 11.8 12.6 12.9 13.3 11.6 
500 15.3 15.5 15.9 16.1 18.8 21.2 25.3 22.5 


600 24.0 22.9 23.0 25.1 35.4 42.2 43.5 38.6 


12. ALBEDO OF CLOUDS 


The ‘albedo ‘of clouds’in the visible range of the spectrum, viz. 
0.4-0.7 2, does not depend on wavelength, as shown from theoretical 
computations in [35, 54]. The values of albedo for water-bearing clouds 
of stratiformis type are given in Table 4.46. Computations accomplished 
for fixed wavelengths 0.40; 0.55 and 0.70 uw can be carried over for the 
entire visible range of the spectrum. __ 


Table 4.46 Albedo (%) of clouds of different forms with respect 
to the zenith distance of sun [54] 


Zenith angle of sun, deg 


Form of 
cloud 
30 50 70 
St 59 63 69 
Se 68 72 76 
Ns-As 68 88 90 
As 63 68 73 


Albedo of clouds possesses a selective dependence upon wavelength 
(54, 74] in the infrared region of the spectrum, viz. 0.7-3y. Table 4.47 
gives the values of albedo for spectral range 0.7-2.19 u computed over 
distinct spectral intervals as well as for the fundamental] absorption bands 
of water vapor. Calculations are conducted for water-bearing clouds 
of thickness 0.25 and 1 km with the upper boundary at the 2 km level (“low” 
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clouds) for average cloud temperature of 0°C and average water content 
of 0.2 g/m and for a “thigh” cloud, situated in the layer 4¢H<5 km, for 
a temperature of —15°C and water content 0.2 g/m*. The spectral albedo 
of clouds remains stationary up to approximately A=0.08p, and then 
albedo .in the infrared range of the spectrum decreases to 2.5 p, which 
is caused mainly by the absorption bands of water vapor. As a result of 
this the integral albedo of cloud appears to be less than the albedo in the 
visible region of the spectrum. ‘Thus for instance for layer tiot=30 when 
9:@=30° albedo in the visible range of the spectrum Ay~76%, integrated 
albedo A=67%, for &o@=—60°, Ay=81% and A=74% [54]. According 
to computations in [86], the mean values of albedo for clouds in the 


Table 4.47 Albedo of cloud for different optical thickness and 
zenith distance of sun [54] 


Low High , 
cloud cloud Low cloud 


Ake z Tot =6 Tior = 30 
S A o r] o o 
3 * ai =] 3 3 3 
il 5 8 l \ l l 
a a 
0.700-0.719 66 66 
0.719-0.721 59. 63 a 33 50 67 78 
0.721-0.740 66 66 
0.740-0.790 65 65 
0.790-0.814 66 66 
0.814-0.816 55 62 0.84 33 50 65 17 
0.816-0.840 66 ‘66 
0.840-0:860 66 66 
0.860-0.915 65 65 
”0.915-0.935 45 57 pot 3-33 54 64 75 
0.935-0.990 65 66 
0.990- 1.030 66 66 
1.030-1.112 66° ~=«66 
1.112-1.148 46 =| _@ 32 50 64 75 
1.148-1.230 62 63). 
1,230-1.240 64 64 . 
1.240-1.321 62, | 63 
1.321-1.449 25 40 y 24. «42 48 55 
1.449-1.530 37 37 
1.530-1.755 46 48 
1.755-1.965 18 uf Q 24 37 41 45 
1.965-2.190 34 34 
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infrared range of the spectrum is 45%, and in the visible and ultraviolet 
ranges it is about 85%. 

Direct measurements of brightness of clouds, accomplished during 
airplane surveys in the range 0.6-2.5 w [56], as well as laboratory 
measurements on ‘coefficients of brightness for model of ice-bearing clouds 
and frost (Fig. 4.15) qualitatively confirm theoretical calculations [54, 74]. 
The albedo of a cloud in the spectral range 3-4 » depends on the tem- 
perature and the water content of the layer of clouds (Table 4.48). From 
the data in the Table it follows that the albedo of cloud decreases slightly 
with an increase in the temperature. , , 


1 @ 3. 4. 5 6 7°. 8 9 dOAp 


Fig. 4.15, Spectral coefficient of brightness ‘for fade of ice-bearing 
cloud and frost [89]. 


1—ice- bearing clouds; 2—frost. 


Table 4.48 Albedo (%) of cloud in the range 3-4 y at different 
temperatures and water content of 0.2 g/m!® [54] 


Ttots °C 
Aw 
15 —5 +15 
3.0 9 - 6 5 
3.4 12 12. 11 
4.0 24 22 21 


Experimental data for investigation of the spectral albedo of clouds 
are lacking. Indirect determination of the albedo of stratiformis clouds 
for spectral range 8-12 p provides mean values of albedo for water-bearing 
clouds of 3-4%; for mixed clouds it is 8- 9%. The albedo was computed 
rom: data of measurements on radiation temperature of the upper surface 
of clouds and temperature of the air.. 
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a. DIRECT SOLAR RADIATION 


1. SPECTRAL COMPOSITION OF SOLAR RADIATION 


1.1 Spectral energy distribution of solar 
radiation at sea level 


Direct solar radiation implies a continuum of electromagnetic emission, 
arriving directly from the sun and comprising energy of wavelengths ranging 
from 100 4 to several microns. 

Radiation of wavelengths from 200 nm to 25 has a practical 
significance for actinometry and atmospheric optics. Usually this range 
can be divided into five regions, viz. ultraviolet (A<400 nm), visible 
(400>A>750 nm) ; infrared (3<A<25 p), far infrared (1>25 y) and 
near infrared (750 nm <A<3 wp). 

The division of the solar energy spectrum into many regions is carried 
out in different ways by different authors. Thus, for example, in the 
American literature the longwave boundary of the ultraviolet region is 
often considered to be 380 nm. There is a still greater discrepancy i in 
the determination of the boundary ‘of the near infrared region, viz. from 
1500 to 3000 nm. This situation indicates that the location of the 
boundaries of the spectral regions is more or less arbitrary. With respect 
to the energy distribution the solar radiation is almost completely (99.65%) 
included within the range 220-7000 nm. Recently the solar constant has 
been determined in this range of wavelengths. 
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The following notation has been accepted for different regions of the 
solar spectrum : 


Spectral Notation | _ Spectral Notation Spectral Notation 
range; om ~~ - | > range, nm : range, 2 ; 
200-400 UV 400-750 Ss 0.75-25 IR 
200-280 UV-C 400-520 S-A 0.75-1.4 IR-A 
280-320 UV-B _ | 520-620 S-B 1.40-3.0 IR-B 


‘320-400 UV-A- - 620-750 S-C 3.0-25 IR-G 


- Different units were used until recently for the measurement of 
wavelengths of electromagnetic radiation, viz. 1 (micrometer) =1 u (micron) 
=10-? mm=107-£. cm=104 A; 1. millimicron=10-§ mm=10-? “cm= 
10 & ; Greek letters are “often used for the notation of these units as 
follows: : 2—micron ; amy—millimicron (1 p=1000 my=10,000 A).' 

‘” The International System of Units (SI) was introduced in 1963, in 
accordance with which the application of the terms nanometer and micro- 
meter were suggested for measuring wavelengths in the optical fequcess 
(1 nm=10-® m=10-* nm and | p=108 nm). 

- In some cases the frequency scale may be used instead of the wave- 
length scale (scale of wave numbers). The quantity that is the inverse 
of wavelength A is called the wave number v. The unit in the scale of 
wave numbers is cm-!, The application of the wave number ‘scale 
provides a more detailed’ picture of the spectral energy distribution in the 
shortwave region of the spectrum being examined. : 

:'In order to obtain the quantitative sharaoteesnes of the radiation 
field i in SI units the use of energy luminosity has’ been suggested, which was 
earlier. known as the intensity of emission (cal/cm?- minster): as well as the . 
surfacé density of radiation flux, which in actinometry corresponds to ‘radiation 
flux or intensity of radiation. 

‘In SI units the radiation flux is measured in. W/m?,. but .it -is 
convenient to use this unit for the measurement of the spectral -flux in. 
narrow section of the spectrum. -.. = 

The World Meteorological Organization vecotamended the use of 
large -units in actinometry such as 1 milliwatt/em? (mW/cm?=10° W/m’). - 
Obviously the earlier unit of flux will be in use ‘for. some time ‘and 
1 cal/cm?. min=69.76 mW/cm?’= 10? calfcm?.min. | 4 7 

.In ‘foreign literature use is often made of a quantity equal. to. 
1 ccalfom, -called “‘langley” and denoted as “‘ly’”’. 

.If/a high resolution solar spectrum is observed’ beyond the limits, 
of ‘die atmosphere, then it appears that solar radiation: consists of.a .collec-: 
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tion of emission lines and Fraunhofer absorption lines, in the radiation 
continuum. Although solar radiation varies significantly in distinct 
spectral regions, it is assumed that the general integrated flux changes 
only a little (+ 3%). ot ows 

During transmission of radiation through the atmosphere the spectra] 
distribution changes radically in all regions of the spectrum, except in 
distinct narrow segments. 

The energy distribution of solar radiation’ as a function of wave 
numbers is given in Fig. 5.1 [32] beyond the atmosphere (1) and at sea 
level (2), tracing the energy distributions in the spectrum of scattered 
radiation for a clear (4) and cloudy (3) sky. 


; Wavelength, 1 
0.8 0.4 - 0.5 06 0.706 1.0 1.5 2.0 4.0.10 


12 


a o @ = 


. Solar energy, 10°3 cal/em?; min (cm) 


30000. 25000 20000 ~~ 15000 
Wave number, cm-1 
‘Fig. 5.1. Energy distribution in the spectrum of solar radiation in wave 
numbers beyond the atmosphere (1), at sea level (2), in the spectrum of scattered 
radiation of a cloudy (3) and clear (4) sky [21]. 


19000 5000 ~~ -0 


. The spectral distribution in. the frequency scale differs from the’ 
usual form of the intensity distribution curve of radiation.in the wavelength. 
scale. The maximum spectral intensity:of solar radiation can be identified: 
for different, wavelengths in these cases. “The width of the maximum in 
spectral distributions is likewise different. However, the same -amount 
of energy is included within’a specific wavelength interval and the interval 
of wave numbers corresponding to it. This situation. allows’us to use-in. 
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practice either form of spectral distribution. It should be mentioned 
that yet another form of spectral distribution can be used. In this case 
the intensity of radiation can be determined for identical intervals of 


F F dA 
dimensionless quantities ar a 


As already stated, direct solar radiation reaches sea level considerably 
- weakened and with its energy distribution greatly changed. The change 
in the composition of solar radiation may be caused chiefly by the following 


three factors : 


“- 9.20 
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Fig. 5.2.. Spectral distribution of direct solar radiation outside the atmo- 
sphere and at several levels in the troposphere for air mass m=1,5 containing 10 
mm of precipitated water, 0.35 cm of ozone, aerosol concentration of 200 cm-* 
at the earth’s surface [38]. Integrated flux outside the atmosphere ‘equals 
2.00 cal/cm! - min, at the altitude of 5 km—1.51 cal/cm® - min; at the altitude of 4 
km—1.48 cal/em*+ min; at the altitude of 3 km—1.45 cal/cm*- min: at ‘the 
altitude of 2 km—1.38 cal/cm‘ . min; at the altitude of 1 km—1.28 avon min; 

and at sea level—1.07 cal/cm?. min. 
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“(1) molecular scattering ; 
(2) aerosol scattering by large particles ; and 
(3) selective absorption in water vapor and ozone.. 


The variations in spectral fluxes of difect solar radiation for penetration 
in the atmosphere are shown in Fig. 5.2 [38]. These values were obtained 
through computations based on Elterman’s attenuation model [36]. 

The computations of the values of spectral fluxes (in rmillicalacies): 
for different atmospheric masses at heights of 0.5 ; 3.0 ; 6.5 ; 9.0 and 20.0, 
km are given in Table 5.1 [1]. The data were obtained from computations 
carried out for a model with parallel planes which is closer to average real 
atmosphere ty (Aj) =0.3 ; Ap=550 nm, w’npg=2.1 cm] ; u’cog=264 cm ; 
u’og,=0.25 cm, visual range D (Aj=20 km). Such a model has been 
named the mean standard radiation model of the atmosphere. Results 
of calculations for this model show close correspondence to’ average experi- 
mental values. 


Table 5.1 Energy distribution in the spectrum of direct solar radiation at 
different levels in mcal/cm*.min in the case of standard radiation model of 


atmosphere [t, (A,)=0.3, u’=2.1 cm] 


m 
Ay-Aas 
7 
1.0 1.5 2.0 2.5 3.0 4.0 6.0 
H=0.5 km . 

0.29-0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 
0.30-0.32 3.2 1.2 0.5 0.0 0.0 0.0 - 0.0 
0.32-0.34 11.0 6.5 3.9 23° 14 0.5 0.0 
0.34-0.36 15.2 10.3" 6.9 4.7 ° 3.2 ‘1.4 0.2 
0.36-0.38 18.9 13.6 9.8 7.0 5.1 2.6 0.7 
0.38-0.40 20.0 15.2 11.5 8.8 6.6 3.8 13 
0.29-0.40 68.3 46.8 326 228 16.3 8.3 2.2 
0.40-0.44 69.1 55.4 44.4 35.6: 285. _+ 18.4 7.6 
0.44-0.48 87.5 73.6 61.8 52.0 43.7 > 30.8 15.3 
0.48-0.52 85.5 74.1 64.2 55.6 48.2 36.2 20.4 
0.52-0.56 -- 861-_ ..75.9- 66.8. 58.7 51.8 40.2 24.2 
0.56-0:60 85.7 76.2 67.8 60.5 53.8 42.7 26.8 
--_ 0.60-0.64 80.0 72.3 68.9 59.1 53.5 43.6 29.1 
_ 0.64-0.68 78.0 -71.4 65.8 60.4 - 55.6 47.0 33.6 
:." 0.68-0.70. 37.0 34.5 31.9 29.7 - 27.6 23.8 17.7 
--~0:40-0.70 +> 6089 .--533.4 471.6 411.6. 362:7 282.77 174.7 
- 0.70-0.74-. 1 653°. 60.3 55.7: 51.5. 47.7 41.0 30.4 
0.74-0.79 78.0. :.- 73.5 69.2 65.2 61.4 54.5 42.8 


0.79-0.84 65.9 61.7 57.8 54.2 50.9 45.0 35.3 
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Table. 5.1—Contd: 


mm 
Aa-Ay ’ 
ee ee ae 
1.0 1.5. 2.0 2.5; 3.0 4.0 6.0 
H=0.5 km 
0.84-0.86 24.4. 23.2 22.1 21.0 19.9, 18.0 14.7 
0.86-0.99 121.3 111.2 =:102.2- 94.8 88.0 76.2 57.9 
0.99-1.03 : 37.8 36.3 34.9 33.5 32.2 29.7 = -25.2 
1.03-1.23 127.4 117.6 109.4- 102.1 955° 840°: 66.2 
1.23-1.25 13.1 12.7 12.3 12.0 11.6 10.8---- 9.6 
” 1,25-1.38 - 29.1 24.6 21.6 19.1 17.1 14.0 - 9.8 
" 1.38-1.50 20.7 17.5 15.4° 13.7- 12.3 10.0 7.1 
1.50-1.53 4.5 3.8 3.3 2.9 2.7 2.2 15 
"153-154 1.6 14 41.2 Ly 1.0, 0.8 0.5 
1.54-1.67 38.4 37.5 36.6 35.6° 34.7 33.1 30.0 
1.67-1.70. 7.6. 7.5 7.3 7.1 7.0 6.7 6.1 
1.70-1.92 21.7 19.5° 18.1 16.8 15.8 14.0 11.6 
1.92-2.08 ~ 9.6 8.1 71 6.4 5.7 4.8 3.7 
2.08-2.10 - 2.4 "2.2 2.1 19° 1.8 1.7 me) 
2:10-2.27 19.4 19.0 18.7 18.4 18.1. 17.5 16.4 
2.27-2.63 6.9 5.6 4.7 4.1 3.5 2.7 1.5 
2.63-2.87 1.0 0.7 0.6 0.4 0.4 0.2 0.1 
2.87-3.00 1.2 1.0 0.9 0.8 0.6 0.5 0.3 
3.00-3.57 5.8 3.5 1.6 0.0 0.0 0.0 0.0 
3.57-4.00 - 6.9 6.8 6.7 6.7 6.6 6.5 6.2 
0.70-4.00 710:0 655.2 609.5 5693 534.5 4739 378.4 
0.29-4.00 1387 1235 1114. 1004 914° 765 555 
H=3.0 km 
. 0.29-0.30 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
0.30-0.32 4.8 2.4 1.1 0.6 0.3 0.1 0.0 
0.32-0.34 15.2 10.6 7.5 5.3 3.7 1.8 0.5 
0.34-0.36 19.9 15.4 11.9 9.2 7.1 4.2 15 
0.36-0.38 23.9 19.3 15.7 12.7 10.3 6.8 2.9 
0.38-0.40 24.6 20.6 17.4 14.8 12.2 8.7 4.3 
0.29-0.40 89.5 68.3 53.6 42.6 33.6 21.6 9.2 
0.40-0.44 82.0 71.6 62.6 54.6 47.7 36.3 21.2 
0.44-0.48 100.7 90.6 81.6 73.6 66.3 53.7 35.3 
0.48-0.52 | 96.4 88.7 81.7 75.1 69.1 58.4 41.8 
0.52-0.56 95.6 88.6 82.3 76.4 70.8 60.9 45.2 
0.56-0.60 94.0 87.6 81.6 76.1 70.9 61.7 46.6 
0.60-0.64 87.2 82.4 77.5 73.1 69.0 61.4 48.5 
0.64-0.68 83.8 80.0 76.4 72.9 69.6 63.4 52.6 
0.68-0.70 39.7 38.3 36.8 35.4 34.0 31.5 ~~ 269 
0.40-0.70 679.4 627.8 5805 ~537.2 4974° 427.3 3181 
 0.70-0.74 71.3 68.8 65.9 63.7 61.3 56.8 488 


0:74-0.79 83.0 80.6 78.2 75.9 73.7 69.5° - 618 
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0.79-0.84 
0.84-0.86 
0.86-0.99 


0.99-1.03° 


1.03-1.23 
1,23-1.25 
1.25-1.38 
1.38-1.50 
1,50-1.53 
1,53-1.54 
1.54-1.67 
1.67-1.70 
1.70-1.92 
1.92-2.08 
2.08-2.10 
2.10-2.27 
2.27-2.63 
2.63-2.87 
2.87-3.00 
3,00-3.57 
3.57-4.00 
0.70-4.00 
0.29-4.00 


0.29-0.30 
0.30-0.32 
0.32-0.34 
0.34-0.36 
0.36-0.38 
- 0.38-0.40 
0.29-0.40 
0.40-0.44 
0.44-0.48 
0.48-0.52 
0.52-0.56 


0.56-0.60. 


- 0.60-0.64 
0.64-0.68 


0.68-0.70 °~ 
0.40-0.70 


0.70-0.74 
. 0.74-0.79 
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3.0 


63.4 


23.4- 


120.2 
36.7 
127.6 
12.8 
31.0 
21.7 
4.7 
1.7 
37.7 
7.5 
22.6 
9.1 
2,2 
19.2 
7.0 
0.9 
1.4 


7.0 - 


6.8 
699.6 
1231 


0.0 
0.7 
7.5 
12.5 
16.5 
18.0 
55.2 
64.9 

- 83.9 


83.3: 


83.0 
81.2 
77.1 
76.8 
37.2 
587.4 
68.8 
79.2 
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Table 5.1—Conid. 


m 
Ap sas Sy Fes as ae = get ~ ees, 
B 
1:0 1.5 2.0 2.5 3.0 4.0 6.0 
H=6.5 km 
0.79-0.84 74.9 73.6 72.5. 71.2 70.1 67.8 63.7 
0.84-0.86 26.3 . 25.9 25.6. 25.2 24.9 24.2 23.0 
0.86-0.99° 150.2 147.3 144.6 142.] 139.6 135.0 ° 126.7 
0.99-1.03 40.1 39.7 39.3 389° 385 (37.7 362 
1.03-1.23 156.7 154.0 151.8 149.9 147.6 143.6 136.4 
1.23-1.25 13.8. 13.7 136° 13.5 13:3, 13.1 12.7 
_'1.25-1.38 59.6 56.0 53.8 51.5 49.0- 46.4 41.4 
‘1.38-1.50 42.0 39.6 37.9 36.3 34.5 32.9 29.1 
1.50-1.53 9.0 8.4 8.1 7.7 740 7.1 6.3 
1.53-1.54 3.2 + 3:0 2.9 2.8 2.7 2.5 2.2 
1.54-1.67, 40.2 39.9 39.5 39.3 39.0 38.4 37.4 
1.67-1.70 7.9 7.9 78 7.8 7.8 7.7 75 
1.70-1.92 36.5 34:7 33.3 32.2 31.2 29.8 27.4 
1.92-2.08 17.8 16.6 15.9 15.0 14:4 13.2 1.4 
2.08-2.10 2.8 2.7 2.7 2.5 2.5° 2.4 2.2 
- 2,10-2.27 19.8 19.8 19:7, 19.6 19.5 19.4 19.1 
2.27-2.63 16.8 15.4 14.6 13.9: 13.3 12.3 11.0 
2.63-2.87 3.5°- 3.0 2.6 24 2.2 1.9 1.4 
2.87-3.00 2.9 2.7 2.6 2.5 2.4 2.1 1.9 
3.00-3.57 14.0. 13.5 13.2 12.8 12.5 11.9 11.0 
- 3.57-4.00 7.0 6.9 6.9 6.9 6.9 . 6.9 6.8 
0.70-4.00 ° 905.2 881.3 862.8 844.9 827.3 798.7 746.8 
0:29-4.00° 1730 1654 1588 1527 1470 |, «1371 "1207 
H=9.0 km 
0.29-0.30 0.2 0.0 0.0 0.0 0.0 0.0 — -0.0 
0.30-0.32 8.0 5.0 3.1 1.9 “1.2 05° (0.0 
0.32-0.34 21.8- 18.3 15.4 12.9 109 ~ 7.7. 3.9 
0.34-0.36 26.7- 23.8 21.2 19.0 17.0. 135 86 
.0.36-0.38 - 30.4.. 27.7 25.3 23.2 21.1 17.7 12.3 
0.38-0.40 30.0 27.9 25.9 241 224° 193 14.4 
0.29-0.40 117.1 102.7 ° 90.9 81.1 72.6 58.7 "39.2 
0.40-0.44 96.1 91.1 86.1 81.4 77.1 68.9 55.3 
0.44-0.48 113.9 109.2 104.7. - 100.3 “96.1 88.2 74.4 
0.48-0.52 106.3 102.7 99.1 95.6 92.3 86.1 74.8 
0.52-0.56 103.9 100.6 97.3 94.1 ° 91.0 . 85.3 14.7 
0.56-0.60 100.9 97.6 94.0- 91.1-- 88.0. 82.3 71.8 
0.60-0.64 92.6 89.9 87.4 85.0 82.6. 78.0 69.6 
0.64-0.68 88.2 86.5 84.7 83.0 ° 813: 77.8. 71.9 
0.68-0.70 41.7 41.2 40.6 40.0 39.4 38.3. 36.2 
0.40-0.70 743.6 718:8 693.9 670.5 647.8 . 604.9... 528.7 


0.70-0.74 76.9 75.9" 74.9 74.0 73:1 71.3 68.0 
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Table 5.1—Contd. 


m 
Aya, 
she 
1.0 1.5 2.0 2.5 3.0 4.0 6.0 
H=9.0 km 
0.74-0.79 86.4 85.6 84.9 84.1 83.3 81.9 79.0 
0.79-0.84 76.4 75.8 75.1 74.4- 73.9 726° 704 
0.84-0.86 - 26.6 264 26.2 26.1 25.9 25.5 ° 24.8 
0.86-0.99 154.2 © 153.0 151.8 150.5 149.3 146.9 ° 142.4 
0.99-1.03 _ 40.5 40.3 40.1 39.9 39.7 39.2. 38.4 
1.03-1.23 160.4 159.2 158.3 157.4 156.1 154.0 150.0 
1.23-1.25 13.9 139° 13.8 13.7 13.7 13.6 13.4 
1.25-1.38 66.3 63.8 62.7 61.5 60.4 59.1 55.6 
1.38-1.50 47.0 45.2 44.4 43.4 42.6 41.7 39.3 
1.50-1.53 10.0 9.6 9.5 93. 92 9.0 8.4 
1.53-1.54 3.6 - 3.5 3.5 3.4 3.3 3.2 3.0 
1.54-1.67 40.6 40.5 40.2 40.1 40.0 39.7 39.2 
1.67-1.70 8.0. 7.9 7.9 7.9 7.9 7.8 7.8 
1.70-1.92 © 41.7 40.8 39.7 38.8 379° 36.5 34.7 
1.92-2.08. 20.9 20.1 19.3 18.7 18.1 171 15.8 
2.08-2.10. 2.8 2.8 2.7. 2.7 2.7 2.6 2.4 
2.10-2.27 19.9 19.9. 19.8 19.8 19.8 19.7 19.5 
.2.97-2.63 21.7 20.0 19.1 18.4 17.8 16.9 15.6 
2.63-2.87 5.2 4.4 3.9 3.8 3.4 3.0 2.5 
2.87-3.00 3.8 3.5 3.3 3.2 3.1 29 2.7 
3.00-3.57 15.1 - 14.8 14.6 14.4 14.3 13.9 13.5 
, 3.57-4.00 7.0 7.0 7.0 7.0 7.0 6.9 6.9 
°0.704.00 .. 9489 933.9 922.7. 912.5 | 902.5 885.0 853.3 
0.29-4.00 —«:1810 1755 = - 1708 1664 1623 1549-1421 
H=20.0 km 
"0.29-0.30 _ 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
0.30-0.32 11.7 8.8 6.6 5.0 3.8 2.2 0.7 
0.32-0.34 27.3 25.8 24.3 22.8 21.6 19.2 15.1 
0:34-0.36 31.6 30.8 29.9 29.2 28.4 26.9. 24.1 
0.36-0.38 34.9 34.2 33.5 32.9 32.2 30.9 28.5 
0.38 0.40 33.7 33.1 32.6 32.1 31.5° 30.5 28.5 
0.29-0.40 139.6 132.7 126.9 122.0: 117.5 109.7 96.9 
0.40-0.44 104.9 103.7 102.4 101.3 100.1 97.6 93.1 
0.44-0.48 121.5  . 120.3 119.2 117.9 ° “116.7 1144 110.0 
0.48-0.52 111.9 110.9 110.0 108.9 108.0 106.0 102.4 
'0.52-0.56 108.4 107.0 105.7 104.6 103.2 100.9° 96.1 
-0.56-0.60. —-., —.104.7--- 103.0°- 1015 = 99:9- -98.5°-~ 95.4°~~ °89:7°~ 
0.60-0.64 ~*~" 95.6 94.3 93.2 92.1 90.9 88.6 84.4 
0.64-0.68 ~* 90.6 89.8 89.3 88.5" 88.0 86.6 64.1 
“0.68-0.70 © 42.7°. 425 42.3 42.1 42.0 417° 40.9 


°0.40-0.70 ~ 780.3 771.5 763.6 755.3 747.4 = 731.2 - 700.7 
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Table 5,1—Conitd. 


Ayres 
“ . * ‘ 
1.0 1.5 2.0 2.5 30 4.0 6.0 
H=20.0 km 

0.70-0.74 78.8 78.7 78.5 78.4 78.3 78.1 77.6 
0.74-0.79 87.8 87.7 87.6 87.6 87.5 87.3 86.9 
0.79-0.84 77.8 77.8 77.7 77.6 77.5 74° ITN 
0.84-0.86 27.0 26.9 26.9 26.9 26.9 26.8 26.7 
0.86-0.99 158.8 158.7 1587 158.7 1585 157.7. 157.1 
0.99-1.03 41.0 40:9 40.9 40.9 40.9 40.7 40.5 
1.03-1.23 164.1 163.9 163.7 1637 1633 1630 162.4 
1.23-1.25 14.0 14.0 14.0 14.0 14.0 14.0 14.0 
1.25-1.38° 71.4 71.2 70.8 70.4 70.2 699 69.1 
1.38-1.50 50.6 50.4 50.2 49.9 49.7 49.3 48.7 
1.50-1.53 10.8 10.7 10.7 10.6 10.6 10.5 104 
1.53-1.54 3.9 3.9 "3.9 3.8 3.8 3.8 3.7 
1.54-1.67 40.8 40.8 40.8 40.8 40.7 40.7 40.6 
1.67-1.70 8.0 8.0 8.0 8.0 8.0 8.0 8.0 
1.70-1.92 45.7 45.4 45.2 44.9 44.7 44.4 43.8 
1.92-2.08 23.4 23.0 22.7 22.5 22.2 21.8 21.1 
2.08-2.10 2.9 2.9 2.8 2.8 2.8 2.8 2.7 
2.10-2.27 20.0 20.0 20.0 20.0 20.0 20.0 20.0 
2.27-2.63 27.2 26.9 26.5 26.1 25.9 25.4 24.6 
2.63-2.87 7.6 7.0 6.5 6.2 5.9 5.4 48 
2.87-3.00 47 4.6 4.6 4.5 4.5 4.4 4.2 
3.00-3.57 15.8 15.7 15.7 15.6 15.6 15.5 15.3 
3.57-4.00 7.0 7.0 7.0 7.0 7.0 7.0 7.0 
0.70-4:00 989.1 986.1 983.4 980.9 978.5 973.9 966.3 
0.29-4.00 1909 1890 1874 1858 1843 1815 1764 


Spectral flux, measured at sea level, to a great extent depends on 
the state of the mass of air and on the length of the optical path of solar 
rays. The-influence of the varying atmospheric mass is illustrated in Figs. 
5.3 and 5.4. 

The effect of aerosol on the spectral distribution of flux of direct 
solar radiation for unit air mass containing 10 mm of precipitated water 
and 0.35 cm of ozone is shown in Fig. 5.5. 

The computed values of spectral fluxes from solar emission at sea 
level for the mean standard radiation model of the atmosphere are given 
in Table 5.2 [1). , 
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Fig. 5.3. ‘Spectral energy distribution of direct solar radiation at sea level 
for different atmospheric masses in the scale of wave numbers (38). 
For m=1 the integrated flux S=1.24 cal/em?. min; for m=1.5, S=1.08 calfcm? + min; 

for m=2, S=0.917 calfem? > min; for m=4, S=0.533 cal/cm? - min; for m=6, 
"$0344 calfem® - min} and for m=8, S=0.218 calfem* - min. 
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Fig. 5.4. Spectral energy distribution of direct solar radiation depending 
on atmospheric mass (in the scale of wavelength) [38]. 


Amount of attenuating components is similar to that indicated in Fig. 5.2. 
For notation see Fig. 5.3. 
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Solar energy, 107? Wicm?. (cm-') 
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Fig. 5.5, The effect of aerosol on spectral flux of direct solar radiation 
(in the scale of wave numbers). : 


For the path of ray m=1.5. The amount of attenuating components is similar 
- to that indicated in Fig. 5.2. 
1) N=200 cm-§, S=1.08 cal/em? « min; 2) N=400 cm-*, S=0.847 cal/em? - min; 
and 3) N=800 cm-*, $=0.536 cal/cm* * min. 
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Table 5.2 Spectral energy distribution of direct solar radiation at the earth’s 
surface : (mcal/cm? . min) in case of mean standard radiation model of 
atmosphere depending on atmospheric mass [1] 


m 
Ages 
B 
10 815 2.0 25 3.0 4.0 6.0 
ta(2e) = 0.3, u’ = 2.1 cm 

0.29-0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.30-0,32 2.6 09° 03 0.1 0.0 ~~ 00 0.0 
0.32-0.34 9.2 5.0: 2.8 1.5 0.8 0.2 0.0 
0.34-0.36 13.1 8.2 5.1 3.2 2.0 0.8 0.1 
0.36-0.38 16.5 11.1 7.4 5.0 3.4 1.5 0.3 
0.38-0.40 17.6 12.6 8.9 6.4 4.5 23 0.6 
0.29-0.40 59.0 378 245 162 10.7 4.8 1.0 
0.40-0.44 61.8 46.9 35.5 26.9 20.4 11.7 3.9 
0.44-0.48 793 635 50.7 405 325 208 8.5 
0.48-0.52 ° 784 650 539 448 37.1 25.5 12.2 
0.52-0.56 7996 675 57.1 484 410 294 15.2 
0.56-0.60 796 683 58.7 504 433 319 17.4 
0.60-0.64 749 «65.5 573 50.0 43.7 33.4 19.5 
0.64-0.68 73.0 649° 578 515 °458 364 22.9 
0.68-0.70 35.0 315 24 256 230 188 12.4 
0.40-0.70 561.6 4731 3994 3381 2868 2079 112.0 
0.70-0.74 740 676 493 452. 40.0 324 21.6 
0.74-0.79 73.9 678 62.1 569 522 439 31.0 
0.79-0.84 621 565 515 47.1 43.0 36.0 25.5 
0.84-0.86 233 216 201 18.7 17.3 (14.9 It. 
0.86-0.99 1126 1004 699 812 728 598 40.7 
0.99-1.03 36.2 34.0 31.9 300 232 249 19.4 
1.03-1.23 119.2 1072 974 687 81.0 680. 488 
1,23-1.25 12.7 12.2 1.6 «11.0105 9.6 7.9 
1.25-1.38 25.7 214 18.1 15.6 13.7 10.5 6.7 
1.38-1.50 18.2 15.1 12.8 11.1 9.8 7.5 4.8 
1,50-1.53 3.9 3.3 2.8 2.4 2.1 17 | 
1,53-1.54 14 1.2 1.0 0.8 0.8 0.6 0.4 
1.54-1.67 375° 36.0 347 334 322 298 25.7 
1.67-1.70 75 (7.2 7.0 6.8 6.5 6.1 5.3 
1.70-1.92 200 177 161 147 136 = 11.9 8.9 
1.92-2.08 8.7. 7.2 6.2 5.4 49 4.0 3.0 


2.08-2.10 2.3 2.1 2.0 1.8 1.7 15 1.2 
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Table 5.2—Contd. 


m 
AycAas 
u 
10015 2.0 2.5 3.0 4.0 6.0 
To(Ap) =0.3, #’=2-1 em 
2.10-2.27 19.0 185 18.1 17.6 17.2 16.3 14.7 
2.27-2.63 5.9 4.7 3.8 3.1 2.6 17 0.8 
2.63-2.87 0.9 0.6 05 04 0.3 02° - Ol 
2.87-3.00 ist 0.9 0.6 0.5 0.4: 0.3 0.2 
3.00-3.57 4.2 1.5 0.0 0.0 0.0 0.0 0.0 
- 3,57-4.00 6.8 6.7 6.6 6.5. 6.4 6.2 5.8 
0.70-4.00 664.5 598.8 544.1 498.9 457.2 387.8 284.7 
0.29-4.00 1285 1110 968 853 755 600 398 
fa (m) 3 7 7 8 7 6 6 5 
S 1278 1103 960 846 749 594 383 


S. 
Remarks: fj (m) —— —correction in the absorption by permanent gases; S,, — 
id 


integral flux of solar radiation in the region 0.29-4.00 w. 


The data on spectral fluxes of direct solar radiation at sea level, 
represented in Figs. 5.3 and 5.4 and in Table 5.2, were obtained on the 
basis of computations for any model! of the atmosphere. However, the 
‘values of spectral fluxes of direct solar radiation under natural conditions 
may vary considerably from mean theoretical magnitudes, especially in 
the ultraviolet and infrared spectral ranges being examined (0.29-3.00 p). 
N.'N. Kalitin, E. A. Lapukhin and M. P. Garadzhi [7, 11, 19] experimen- 
tally investigated the most characteristic optical states of the atmosphere 
while studying the spectral distribution of direct solar radiation. 

The measurements of points of direct solar fluxes given in the ultra- 
violet region of the spectrum (300-400 nm) are-given in Table 5.3: [7]- 
Measurements were conducted in all seasons of the period 1962-1965. 
The data on spectral fluxes, obtained through experiments, were divided 
into four groups, in agreement with the four ranges of values for coefficients 
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of atmospheric transparency P, at the time of measurements (0.45-0.55 ; 
0.55-0.65 ; 0.65-0.75 ; 0.75-0.85) ; P, is the transparency for the mass 
of atmosphere, and is equal to 2. 

The largest variations in spectral fluxes occur during transparency 
variation at low solar altitude, with a maximum change taking place in 
the short wavelength segment of the ultraviolet region. 

The values of fluxes obtained experimentally were compared with the 
computed values taken from [1] for suitable optical thicknesses. 

A comparison of the results of computations and experiments shows 
that (except for spectral range 300-320 nm) the computed data exceed 
the experimental on an average by 20% (Table 5.4). 


Table 5.4 Spectral flux of direct solar radiation (W/m*) in ultraviolet region 
according to data from observations and computations (m=2) 


Computations Observations 
Spectral 
range, nm 
To(Ao)=0.5 Ty(Ap)=0.3 TofA,)=0.2 P,=0.60 P,=0.70 P,=0.80 
300-320 0.14 0.21 0.35 0.14 0.28 0.42 
320-340 0.98 1.95 2.72 0.77 1.46 2.38 
340-360 1.88 3.56 4.88 1.53 2.93 4.40 


360-380 2.86 5.16 6.97 2.16 4.40 6.27 


Experimental data on the spectral structure of direct solar radiation, 
obtained during measurements in mountainous and plain regions of 
Central Asia in 1961, are given in Tables 5.4 and 5.5. 

Table 5.5 shows the relative variability in solar fluxes for the four 
spectral ranges as a function of the solar altitude and the optical properties 
of air masses (six.types). These types of states of air masses are characterized 
by different values of vapor pressure of water ‘e’ in millibars at the 
earth’s surface and by the absorption coefficient of solar radiation in aerosol 
to that of water vapor 7. The magnitude of j may be evaluated from the 
formula : 
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where Sjqa =flux of direct solar radiation in ideal atmosphere, 
4Sugo =direct solar radiation absorbed by water vapor, 
and: S=measured flux of direct solar radiation. 

E. A. Lopukhin suggested seven types of optical condition in 
atmosphere over mountainous regions [19] for the characterization of 
the state of air masses. Data on the relative spectral composition of 
solar radiation for three sections of the spectrum are given in Table 5.6. 
The measurements were carried out with the help of glass filters, so that 
the boundaries of the spectral ranges were defined rather. arbitrarily. 
The types of state-of air masses are described in [19] though not com- 
‘ pletely. However, the data obtained by Lopukhin encompass large ranges | 
of solar altitudes and weather conditions and practically the entire wave- 
length band of the solar radiation reaching sea level. A comparison of 
values presented in [7] and measured by Garadzha and Lopukhin with 
results of the computations for the mean radiation model [1] showed 
(Table 5.7) that in the ultraviolet region (290-380 nm) the discrepancy 
between experimental and theoretical data is most noticeable for smaller 
solar altitudes. From the solar altitude of 30° onward there is complete 
agreement between the data. Lopukhin’s data provide somewhat higher 
values of ultraviolet radiation fluxes as compared with the theoretical data 
and those measured in Moscow [7]. This may have been caused by the 
different composition of aerosol components in the region of Moscow 
and in Central Asia. 


Table 5.7 The relation between fluxes of direct solar radiation in the 
spectral range 300-380 nm and integral fluxes of solar radiation (%) at different 
atmospheric turbidities [7] 


Data by M. P. Data by E. A. 


3 Garadzhi Lopukhin 3 Computed data 

= (Moscow) (Tashkent) 3 

| : i] 

Sy. EI 

se (f=06 p=0.7 p=0.8 typeI  typell oe se-03 %=0.3 t=0.2 
10: . 0 0.19 0.60 0.61 1.23 9.3 0.05 0.10 0.21 


20 «(0.30 0.692433 6B 19.30.50 0.82 1.05 
300.77 «1.28 «= 1.80 «1.78 2.04 = 300 s1.17,—s«d61_S 1.90 
40 130 188 230 210 233 41.7 178 228 2.56 
50° 183 246 92737237 288 7 
552.09 2.700 2,92 2.500 2.700 — _ — 
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Variations in the amount of ozone and aerosol strongly influence 
the fluxes of direct solar radiation in the ultraviolét region. It is possible 
to derive the amount of the expected variations in spectral fluxes from the 
data on calculations of radiation models of atmosphere in the ultraviolet 
region of the spectrum obtained in [5]. .Table 5.8 shows the variation in 
spectral fluxes of solar radiation in UV—B (A<315 nm) and UV—A+B 
(A<400 nm) regions depending on the average amount of ozone u’o, and 
-the turbidity of the atmosphere 8. 


Table 5.8 Spectral fluxes of direct solar radiation for different amounts of 
ozone and turbidity (mcal/cm* . min) 


Ozone content Solar altitude, deg 


Spectral and turbidity 

region 
Uo b 75 60 45 30 15 10 

B 0.30 0.025 1.69 1.38 0.85 0.30 0 0 

0.30 0.050 1.52 1.18, 0.73 0.23 0 0 
0.30 0.100 1.21 0.92 0.52 0.14 0 0 
0.30 0.150 0.95 0.70 0.37 0.11 0 0 
0.30 0.200 0.75 0.55 0.27 0.06 0 0 
0.40 0.025 1.32 1.03 0.62 0.20: 0 0 
0.40 0.050 1.18 0.92 0.52 0.16 0 0 
"0.40 0.100 0.93 0.72 0.39 0.03 0 0 
0.50 0.025 1.03 0.83 0.47 0.14 0 0 
0.50 0.050 0.93 0.72 0.40 0.11 0 0 
0.50 0.100 0.75 0.55 0.30 0.07 0 0 

B+A 0.30 0.025 70.5 65.0 54.5 37.1 12.1 43 
0.30 0.050 64.2. 58.2 47.8... 30.7 8:5 2.6 
0.30 0.100 52.7 47.0 36.7 21.3 4.3 1.0 
0.30 0.150 43.5 37.9 28.1 14.8 2.1 0.4 
0.30 0.200 35.8 30.6 21.7 10.3 1.8 0.1 


There is complete agreement between the computations and the 
results of observations made by researchers [5] inthe Caucasus and7in he 
Crimea for hg=30°. 

Table 5.9 [5] gives the variation of ultraviolet radiation in the 
regions B and B+A for changes in the altitude above the sea level for 
average ozone content. To each of the five levels the most probable 

_variation of the turbidity factor 6 may be assigned. 
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Table 5.9 ‘Spectral fluxes of direct solar radiation at 
different altitudes for average ozone content (mcal/cm?’ . min) 


ho = 75° h. = 30° 
Altitude, Z © © 
km 
B BHA B BA 

1 0.040 1.75 69.8 0.32 37.0 

0.080 1.46 60.6 0.23 27:3 

0.120 «1.38 51.8 0.17 20.4 

2 0.030 2.10 72.3 0.43 44.4 

0.060 1.84 69.5 0.35. 35.5 

0.090 (1.59 61.8 0.29 28.5 

3 0.020 2.47 87.2 0.57 53.4 

0.040 2.23 79.8 0.49 46.0 

0.060 2.04 73.7 0.40 39.5 

4 0.015 281 83.4 0.75 61.9 

0.030 2.61 88.2 0.64 55.5 

0.045 2.44 83.1 056 49.7 

5 0.010 3.22 1009 0.95 71.9 

; 0.020 3.04 57.5 0.86 65.7 

0.030 2.90 93.6 0.75 61.9 


The position’ of the shortwave boundary of the solar spectrum 
(Amin) significantly influences the amount of ultraviolet radiation. It 
thus follows from the experimental data that Amin largely depends on the 
length of the optical path in the atmosphere and the turbidity of the air mass, 
so that the ultraviolet: radiation exhibits clearly marked daily and annual 


‘behavior (Table 5.10). 


Table 5.10 Variation of Amin 2m depending on solar altitude 
"and time of year [13] 


Altitude of sun, deg 


Time of year 


10 20 30 40 50 60 
Spring 316 308 304 302 298 298 
Summer 319 310 306 301 299 298 
Autumn 3 "312° 305 302 300-- ‘i see — 
Winter 314. 308 307 _ _— _— 


Year * 316 308 304 302 299 298 
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‘There is practically no variation in Amin with a change in altitude 
above sea level (in the troposphere and in lower stratosphere), insofar as 
the cause of constraint in the spectrum, viz. ozone, is situated mainly above 
15 km. 

A comparison of the dependence of the relation of the infrared solar 
radiation and the integral flux of the direct solar radiation Sir/S on the 
altitude of the sun, from the data. obtained by Lopukhin (Tashkent) and 
Kalitin (Pavlovsk) [11], shows that- these relations vary in a different 
manner in Pavlovsk and Tashkent for h@ > 10° (Table 5.11). 


Table 5.11 Dependence of 5,y/5 on solar altitude 


Altitude of the sun, deg 


Location 
2 5 10 15 20 
Pavlovsk 0.80 0.79 0.71 069 ° 0.64 
Tashkent (type IV) 0.81° 0.79 0.767 0.742 0.712 
Altitude of the sun, deg 
Location 
25 30 35 40 45 50 
Pavlovsk 0.62 0.61 0.60 0.59 0.58 0.57 
Tashkent (type IV) 0.701 0.69 0.682 0.677 0.674 0.672 


The ratio Sip/S reaches a maximum in those seasons which show high 
‘transparency in an annual course, i. e. in the south in winter and: spring, 
and in the north in spring. 


-1.2 Energy distribution in the spectrum of solar 
radiation outside the atmosphere. 


_ Energy distribution in the spectrum of solar radiation is a necessary 
factor for the solution of a majority of the direct and related problems 
of atmospheric optics as well as a wide range of problems in actinometry 
and climatology. Availability of accurate data on the solar flux outside 
the atmosphere is essential for the computation of the thermal and radiation 
regimes of space ships and artificial satellites. 
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The energy distribution of solar emission outside the atmosphere 
can be obtained either through direct measurements of spectral distribution 
at altitudes above 80 km or through extrapolation of data from terrestrial 
spectrobolometric measurements at altitudes beyond the atmosphere. 
Direct measurements have thus far been carried out with rockets for specific 
spectral ranges [44], as well as for the integrated flux of solar radiation [34]. 

The measurement of energy distribution for the entire spectrum of 
solar radiation is a considerably more complex problem which will be 
solved in the near future with the help of artificial satellites. Abbot 
and Foyle developed the method of extrapolation of terrestrial measurements 
to the boundary of the atmosphere for practical application. The depen- 
dence of incident solar flux in any spectral range upon the magnitude of 
the atmospheric mass (i.e. measurements for different solar altitudes) was 
determined through terrestrial measurements from high altitude peaks 
with the help of special spectrometers. For a steady optical state of the 
atmosphere there is a linear relation between the logarithm of intensity 
of solar radiation and atmospheric mass m. Bouguer-Lambert’s law 
gives the relation between intensity of radiation and the path length of the 
incident ray in an attenuating medium in the following relation, viz. 


Tim=Lnoe™a or log Iam=log Iro+mlog pe, (5.2) 


where Jy) and Jjm denote the fluxes of radiation of wavelength A before 
and ‘after passage through attenuating mass m respectively, and p,—the 
spectral transparency coefficient for wavelength A and unit mass. 

The extrapolation of relations obtained for the boundary of the 
atmosphere, i.e. for value m=O, determines the spectral distribution 
of solar radiation outside the atmosphere for the spectrometric range of 
wavelengths. The distribution thus obtained is more accurate since 
optics has a specific transmission range when applied to spectral equipment 
(for the optical glass of the Smithsonian spectrometer this is 346-2440 nm). 
Since spectral measurements are accompanied by the simultaneous measure- 
ments of the absolute values of integrated solar radiation flux, then the 
area under measured spectral energy distribution, and consequently under 
distribution obtained: through extrapolation, will be expressed in absolute 
units on the scale of the calibrating instrument. 

When this distribution is supplemented in the ultraviolet (A<296 nm) 
and infrared (A>2500 nm) regions to take into account the solar 
radiation being fully absorbed in the higher atmospheric layers, the 
distribution. finally obtained is'a graphical representation of the solar 
constant for the day on which the observation was made. In order. to 
obtain the value of the solar constant, it is’ neccessary to introduce from 
astrophysical computation the value of the solar constant, on the given 
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day with respect to the average distance between-the earth and the sun 
.(see second section of this chapter). 

The introduction of corrections in the distribution measured on the 
surface and obtained through extrapolation is well illustrated by the 
expression for the determination of the solar constant [50] as follows: 


a dbot A Eya (UV)-+ 4 Eqa (IR) 


Seat AE, (UV)+4 Ea (IR) 


Here S£,, (UV) is the correction for the range of wavelengths 
from 346 nm to the minimum wavelength for which the solar emission is 
being considered ; 4 £,, (IR)—the correction for the range of wavelengths 
from 2440 nm to the maximum wavelength for which solar radiation in 
the upper atmosphere may be considered ; AE, (UV) is correction for 
range 346-296 nm; AEF) (IR)—correction for range between 2440 nm 
and the maximum "wavelength for which solar radiation can be measured 
on the earth’s surface. 

- The most appropriate spectral distribution was suggested by Johnson 
and Nicolet (42, 47, 48] (Fig..5.6). Ninety-nine per cert of the entire 
radiative energy of the sun is concentrated in the range of wavelengths 
from 200 nm to 4.0 yu. Integration of the distribution curve shown ‘in 
Fig. 5.6 gives the following values of the solar constant, viz. 2.002 and 
1.98 cal/cm?- min. 


So= . (5.3) 


inet 400 600 800 1000 1200 1490 1600 1800 2000 


2100 2300 2500 2700 2900 3100° 3300 3500 3700 3900 
Wavelength,nm 


Solar energy, 10°% calfem?. min-40n 


Fig. 5.6. Energy distribution in solar spectrum outside the atmosphere. 
1—according to Nicolet; 2—according to Johnson. 


The mean values of intensities of the solar emission in narrow 
spectral ranges as well as the percentage ratio with respect to integral flux 
are given in Table 5.12. These magnitudes were obtained on the basis. of 
the energy distribution in the spectrum of solar radiation given by Johnson. 
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Table 5.12 Energy distribution in the solar spectrum at the upper boundary 
of the atmosphere at 4@~=90°, m=0 


0-100 0.01. (0.001 "| 345-350 5.82 0.42 
100-220 0.27 0.02 
*220-225 0.14 0.01 325-350 28.32 2.03 
0-225 0.41 0.03 350-355 5.90 0.42 
355-360 5.85 0.42 
225-230 0.26 0.02 360-365 6.15 0.44. 
_ 230-235 0.27 0.02 365-370 6.35 0.45 
235-240 0.28 0.02 370-375 6.62 0.47 
"240-245 0.29" “0:02 
245-250 0.30 0.02 350-375 * 30.87 2.20 
225-250 1.40 0.10 375-380 6.18 0.44 
<a | 380-385 6.00 0.43 
“250-255 0.38 0.03 385-390 5.63 0.40 
“255-260 0.53 0.04 390-395 5.73 0.41 
* 260-265 0.95" 0.07 395-400 7.00 0.50 
265-270 1.20 0.09 
270-275 1.14 0.08 375-400 30.54. ~ 9.19 
250-275 4.20 0.30 400-405 8.71 0.62 
. ; 405-410 9.48 0.68 
275-280 1.09 0.08 410-415 ° 9.60 0.69 
. 230-285 1.56 0.11 415-420 9.67 — 0.69 
285-290 2.42 0.17 “| 420-425 (9.47 0.68 
290-295 3.08 0.22 
295-300 3.02 0.22. -| 400-425 46.93 3.36 
275-300 11.17 0.80 425-430 "8.80 0.63 
430-435 8.70 0.62 
300-305 3.00 0.21 “435-440 9.40 0.67 
305-310 3.50 0.25 440-445 10.40 0.74 
310-315 , 3.90 0.28 445-450 10.70 0.77 
315-320 4.05 0.29 
320-325 4.65 0.33 425-450 48.00 3.44 — 
300-325 19.10 1.37 | 450-455 10.89 0.78 
; ; ; 455-460. 10.89 0.78 
"325-330 5.50 "0.39" > | > 460-465 ~- -*-10.75'°*+*- - ~--0.77- 
330-335 5.60 0.40 465-470 10.89 0.78 
335-340 5.60 0.40 470-475 10.70 0.77 


340-345 5.80 0.42 
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Table 5.12—Contd. 


S> S x 
Aik nm Ai nm = : 
W/m? % W/m? % 
450-475 54.12 * 3.88 610-620 17.64 1.26 
620-630 17.32 1.24 
475-480 10.80 0.77 630-640 16.90 1.21 
480-485 10.47 0.75 640-650 16.61 1.19 
485-490 10.00 0.72 
490-495 10.20 . 0.73 600-650 86.49 6.19 
- 495-500 10.30 0.74 - 
650-660 16.38 1.17 
475-500 51.77 3.71 660-670 16.25 1.16 
670-680 15.81 1.13 
500-505 9.80 0.70 680-690 15.39 1.10 
505-510 9.80 0.70 690-700 14.95 1.07 
510-515 9.65 0.69 
515-520 9.60 0.69 650-700 78.78 5.64 
520-525 9.65 0.69 : 
700-710 15.04 1.08 
- §00-525 48,50 3.47 710-720 14.41 1.03 
: 720-730 14.20 1.02 
525-530 9.75 0.70 730-740 13.90 1.00 
§30-535 9.85 0.71 740-750 13.47 0.97 
535-540 9.90 0.71 
540-545 9.90 0.71 700-750 71.02 5.09 
545.550 " 9.75 0.70 
- 750-760 13.59 0.97 
525.550 49.15 3.52 760-770 12.98 0.93 
770-780 12.53 0.90 
550-555 9.74 0.70 780-790 12.38 0.89 
555-560 9.58. 0.69 790-800 12.08 0.87 
nen hos sd 750-800 63.56 4.55 
570-575 9.57 0.69 800-810 11.90 0.85 
810-820 11.58 0.83 
550-575 | 47.91 a4: 820-830 11.45 0.82 
575-580 9.57 0.69 eae ae mes 
580-585 9.52 0.68 : 
585-590 9.52 0.68 800-850 56.65 4.06 
590-595 9.48 0.68 
595-600 9.35 0.67 850-860 10.51 0.75 
860-870 10.21 0.73 
575-600 47.44 3.40 870-880 10.08 0.42 
; 880-890 9.93 0.71 
600-610 18.02 1.29 890-900 9.63 0.69 


278 Radiation Characteristics 


Table 5.12—Contd. 
S) 5) 
Aajnm Ai nm 
W/m? %y W/m" %o 
850-900 50.36 1700-1800 15.55 1 
1800-1900 13.02 0.93 
900-910 9.27 1900-2000 10.98 0.79 
910-920 9.14 ; - 
920-930 8.99 1500-2000 80.90 5.80 
930-940 8.77 
940-950 8.55 2000-2100 9.31 0.67 
2100-2200 7.95 0.57- 
900-950 “44.72 2200-2300 6.82 0.49 
aaa 2300-2400 5.89 0.42 
950-960 8.25 2400-2500 5.10 0.37 
960-970 8.15 
970-980 8.09 2000-2500 35.07 2.51 
980-990 7.68 
990-1000 7.54 2500-2600 4.46 0.32 
oan . 2600-2700 3.90 0.28 
950-1000 39.71 2700-2800 3.42 0.24 
ma 2800-2900 3.0) 0.22 
1000-1010 7.30 2900-3000 2.66 0.19° 
1010-1020 7.15 
1020-1030 (7.02. 2500-3000 17.45 1.25 
1030-1040 6.87 
1040-1050 6.73 3000-3100 2.41 0.177 
3100-3200 - 2.06 0.15 
1000-1050 35.07 3200-3300 1.91 0.14 
_ 3300-3400 1,71 0.12 
1050-1060 6.60 _ 3400-3500 1.53 0.11 
1060-1070 6.46 : 7 
1070-1080 6.33 3000-3500 9.62 0.69 
1080-1090 6.19 : 
1090-1100 6.05 "3500-3600 1.38 0.10 
- 3600-3700 1.24 0.09 
1050-1100 31.63 3700-3800 1.12 0.08 
as. 3800-3900 1.02 , 0.07 
1100-1200 52.92 3900-4000 0.92 0.07 
1200-1300 42.29 
1300-1400 34.06 3500-4000 5.68 0.41 
1400-1500 27.68 _ 
SE es oy eset _ 4000-4100 0.885 0.06. 
1100-1500 156.95.” 4100-4200 0.806 0.06 
a 4200-4300 0.736 0.05 
1500-1600 22.65 4300-4400 0.677 0.05 
1600-1700 18.70 4400-4500 0.617 0.04 
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Table 5.12—Contd. 


Sy 5) 
Ad nm |] Am 
“W/m? °o W/m? *o 
4000-4500 3.721 0.27 4500-5000 2.279 0.16 
4500-4600 0.557 0.04 5000-6000 2.79 0.20 
4600-4700 0.448 0.03 
4700-4800 0.438 0.03 6000-7000 1.47 0.11 
4800-4900 0.428 0.03 7000- co 2.65 0.19 
4900-5000 0.408 0.03 


S d 
Remarks: 5} %=100-—, where S,—solar. constant, equal to 1396.4 W-cm-* or 
2.002 cal/em?- min-'. 


Table 5.13 Energy distribution in the solar spectrum at the upper boundary 
of atmosphere in the region A = 0 to A; for normally incident rays 


ZS) =z S82 
a A 
Ay nm . Agom 
W/cm % W/cm % 

100 0.001 0.001 285 8.7 0.62 
220 0.3 0.02 290 Ld 0.79 
225 0.4 0.03 "995 14.2 1.01 
230 0.7 0.05 300 17.2 1.23 
235 0.9 0.07 305 20.2 1.44 
240 1.2 0.09 310 23.7 1.70 
245 15 0.11 315 27.6 1.97 
250 1.8 0.13 320 31.6 2.26" 
255 2.2 0.16 325 36.3 2.60 
660 2.7 0.19 330 41.8 2.99 
265 3.7 0.26 335 47.4 3.39 
270 49° 0.35 340 53.0 3.79 
275 6.0 0.43 345 58.8 42) 


280 7.1 0.51 350 64.6 4.63 
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- Table 5.12—Contd. 


~ Apam 


W/cm x W/em. % 
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Table 5.13—Contd. 


ZS) = S$, 
rs ry 
A; am A; nm 
W/cm % W/cm % 

790 807.6 57.83 1800 1291.7 92.50 
800 819.7 58.70 1900 1304.7 93.43 
810 831.6 59.55 2000 1315.7 94.22 
820 843.2 60.38 * 2100 1325.0 94.89 
830 854.6 61.20 2200 1332.9 95.45 
840 865.6 61.99 2300 1339.8 95.94 
850 876.3 62.76 - 2400 1345.6 96.36 
860 886.8 63.51 2500 1350.7 96.73 
870° 897.1 64.24 2600 1355.2 97.05 
880 907.1 * 64.96 2700 "1359.1 97,33 
890 917.1 65.67 2800 1362.5 97,57 
900 926.7 66.36 2900 1365.5 97.79 
910 936.0 67.03 3000 1368.2 97.98 
920 945.1 67.68 3100 1370.6 98.15 
930 954.1 68.32 3200 1372.7 98.30 
940 962.9 68.95 3300 1374.6 98.44 
950 971.4 69.57 3400 -1376.3 98.56 
960 979.7 70.16 3500 1377.8 98.67 
970 987.8 70.74 3600 1379.2 98.77 
980 995.9 71.32 3700 1380.4 98.86 
990 1003.6 71.87 3800 1381.6 98.94 
1000. 1011.1 72.41 3900 1382.6 99.01 
1010 1018.4 72.93 4000 1383.5 99.08 
1020 1025.6 73.44 4100 1384.4 99.14 
1030 1032.6 73.95 4200 1385.2 99.20 
1040 1039.5 74.44 4300 1385.9 99.25 
1050 1046.2 74.92 4400 1386.6 99.30 
1060 1052.8 75.39 4500 1387.2 99.34 
1070 1059.3 75.86 4600 1387.8 99.38 
1080 1065.6 76.31 4700 1388.2 99.41 
1090 1071.8 76.75 4800 1388.7 99.45 
1100 1077.8 77.19 4900 1389.1 99.48 
1200 1130.7 80.98 5000 1389.5 99.50 
1300 _ 1173.0 * 84.00 6000 1392.3 99.70 
1400 1207.1 86.44 7000 1393.8 99.81 
1500 1234.8 88.42 ~ @ (So) 1396.4 100.00 

1600 1257.4 90.05 calfcm? - min 
1700 1276.1 91.39 © (So) 2.002 100.00 

A= > s a. 
Rewdune® > sa= > Sy W/m’, > Sa (%)=100 4 
d ,=0 ry So 
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The energy distribution in the spectral range, increasing from Ap to 
A, is given in Table 5.13. The apparent disparity in the values of S, 
given in Tables 5.12 and 5.13 occurs on account of the rounding off 
of the values S,. Both tables were compiled for mean distance of the 
earth from the sun. 

A more detailed distribution of energy Suiside the atmosphere for 
the ultraviolet region of the solar spectrum is shown in Fig. 5.7. The data 
were obtained from spectrographs in rockets attaining an altitude of 
almost 235 km. 


nN 


= 


°o 
nN 


Solar energy, 10-5 W/cm2. nm 
t=) 
R wo 


220. 240 260 280 300 320 
Wavelength, nm 


-Fig. 5.7. Energy distribution in the solar spectrum outside 
_the atmosphere for the ultraviolet region [29]. 
1—after Steer; 2—after Petit; 3—after Johnson. 


Energy distribution in the region 80-260 nm is given in detail in 
Fig. 5.8 and in Table 5.14 for wavelengths corresponding to the centers 
of the intervals. These magnitudes refer to the aver ane distance between 
the earth and the sun. 

L. Dunkelman and R. Scolnik [35] have.suggested the most: depen- 
dable distribution for the visible region of the spectrum obtained through 
extrapolation of ground ‘data. The. data of Dunkelman have been 
compared with those of Petit, Steer and Johnson (1955) in Fig. 5.9. The 
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Table 5.14 Energy distribution in the spectrum of the sun outside the 
atmosphere in the region of wavelengths 85-260 nm (4 A=5.0 nm) 


»om Sp erg/em®. sec nm S, erg/em*® . sec 
260 700 170 8.2 
255° 560 ; 165 5.0 
250 380 . 160 3.2 
245 390 155 1.7 
240 340 150 0.95 
235 320 145 0.50 
230 360 140 0.26 
225 - 950 135 0.26 
220 310 130 0.18 
215 240 125 0.15 
210 145 120 5,7 
205 90 115 0.08 
200 70 110 0.06 
195 55 ° 105 0.10 
190 41 100 0.18 
185 28 95 0.15 
180 19 90 0.25 
175 12 85 0.11 


Radiation, erg/cm2, sec.nm 


80 ‘100 120 140 160 180 
Wavelength, nm 


Fig. 5.8. Spectral distribution of solar radiation in 
‘the region of wavelengths 80-200 nm. 
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Radiation, 10° W/em2.am | 
3 


oL- : 
3000 : 4000 - 5000 6000 
Wavelength 


Fig. 5.9. Energy distribution in the spectrum of solar 
radiation in the visible range. 
I1—data of Steer and Johnson; 2—data of Petit; 3—data of Dunkelman and Scolnik, 


7000 nm 


data of Petit. differ considerably. from data ebiined later in the region. 
of the spectrum with A<450 nm. - 

‘The data obtained for the ultraviolet region of the spectrum contain 
noticeable errors: thus for the range 140-200 nm there is an error of 
‘+20% and for the region with A<140 nm the error is several times 
higher. Low accuracy and large variations of ultraviolet radiation indicate 
the necessity of further investigation in the future. . 


1.3 Attenuation of solar radiation in 
an ideal atmosphere 


There is wide interest in obtaining accurate data on’ the energy dis- 
tribution of solar radiation at different altitudes in an ideal atmosphere 
(in the absence of. water vapor and aerosol). It is necessary to know the 
amount of attenuation of direct solar radiation in an idea] atmosphere in 
order to study the radiation characteristics of the pa soils as well as 
for the solution: of. related problems. a 

Many investigators have computed fluxes of solar tadiaon in an 
ideal atmosphere. The. data obtained by Kastrov (1928), Foisner and 
Dubois (1930) are. the most accurate among the earlier observations. 
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The results of several computations are given in chronological order in 
Table 5.15, upto the taken from [25]. The results of Kastrov, Foisner and 
Dubois agree which is second decimal place. 


Table. 5.15 Intensity of direct solar radiation at sea level in ideal atmosphere 
(cal/em* . min), according to data of different researchers [25] 
S3.9—Subzonal value of flux of solar radiation 


Number of optical masses 


Author Year aa 

1 2 3 4 6 8 
V. G. Kastrov 1928 = 1.73 1.60 1.50 141 1.28 1.18 
Foisner and Dubois 1930 —_ 1.73 1.60 1.50 1.41 1.28 1. 18 
Linke 1939 ce 1.75 1.64 1.54 147 1.34 1.26 
N. G. Kastrov 1956 = s«d:.94 175 1.61 15! 143 130 — 

K.S. Shifrin and 
A. A. Avaste 1960-1962 1.93 176 1.62 1.52 144 131 — 
M. S. Averkiev 1963 = ae i 


S. I. Sivkov 1964 1.93 1.75 1.62 1.51 143 130 — 


The results of computations obtained over a period of 50 years are 
based on the accurate data of Nicolet (1950-51) and Johnson (1956) about 
the solar constant and the spectral distribution of solar radiation outside 
the atmosphere. In addition, the coefficients of absorption in ozone given 
by Vigroux were used instead of the higher coefficients of Ny and Choong 
(1932) [46]. 

A comparison of values of the solar radiation flux -on- the surface 
of the earth as obtained by different authors shows the existence of a 
small discrepancy caused by the difference in the original data. 

The computations made by S. I. Sivkov [25], who conducted a 
thorough analysis of original values and applied methods of calculation; 
may be considered the most authentic and complete to date. - 

The results of Sivkov’s computations for the spectral range 220-7000. 
nm and masses from | to 10 are given in Table 5.16. The magnitude of: 
solar constant, used in the computations, was taken as Sg=1.98 cal/cm® . min. 
The spectral transparency coefficients for ozone Po, and pure dry air 
P, as well as the subzonal values of fluxes of direct solar radiation Ss.o 
are given in this Table. 
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ae Qe ‘INTEGRATED FLUX OF DIRECT SOLAR RADIATION 


2.1 Solar constant 


~. ..At great distances from the sun (for instance, in planetary orbits) 
the electromagnetic radiation is. propagated in parallel rays. Since the 
distance. between the sun and the earth changes continuously in the course 
of a year the amount of solar energy incident on the earth’s surface. will 
change accordingly. The maximum amplitude of variation comprises 
+3.4% of the mean value of the flux of direct solar radiation. The maximum 
value of flux occurs toward the end-of December and January whereas 
the minimum value takes places i in July. The earth is situated at its mean 
distance« from ‘the sun on-'‘October 4and April 3. The values of the 
coefficients for derivation of magnitudes of direct solar radiation with 
respect to average distance are Buen in Table 5. i. 


Table 5.17 Coefficients for derivation of geapsncdes of direct solar xemadon 
with respect to mean distance between sun and earth 


‘Month 
Number 
Jan - Feb “Mar Apr May Jun 
0.9667 0.9708 - 0.9819- 0.9986 1.0154  —-:1.0264._ 
-.5 0.9669 0.9723 0.9842 1,0013 1.0177 1.0296 
10 0.9671 0.9738 —--. 0.9864 1.0040 1.0199 1.0308 
15 0.9677 0.9757 0.9892 1.0056 1.0220 1.0317 
20 0.9682 0.9777 0.9920 1.0096 1.0241 ‘1.0327 
25 0.9694 0.9798 0.9950 1.01254 1.0261 1.0332 
A a TU S/R AR SY Ae ES = : = 
—7——— Ee 
Month 
Number 
Be Jul Aug Sep Oct Nov Dec 
“yp 1.0387 «1.0300 1.0183 “1.0022 °” 0.9849 (0,9722 
5 1.0337 1.0288 1.0161 1,000 0.9827 0.9710 - 
10 1.0337 1.0276 1.0138 0.9970 0.9805 ° 0.9698 
AS 1.0331 1.0257 1.0111 0.9942 0.9783 ‘0.9688 * 
20 7. 1.0325 1.0237 “1,0084° 0.9914 _ 0.9761 “0.9679 | 
Pe ae ere ae 
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The solar ‘constant Sp is the quantity of radiant energy of the sun 
arriving per unit time on a unit area perpendicular to the incident 
radiation and at the mean distance between the sun and the earth, In 
other. words, the solar constant is the flux of radiant energy of the sun on a 
surface outside the atmosphere placed perpendicular to the rays for mean 
distance between the earth and the sun. The solar constants for other 
planets can be obtained by using the law of inverse proportionality of the 
square of distances, thus : 


es. (5.4) 


where Rm is mean distance between the sun and the earth and R—mean 
distance between the sun and a planet. . 
Strictly speaking, the solar constant is not a constant quantity. 
Recent data confirm the suggestion that the solar constant varies within 
small limits with time. Thus the Smithsonian Institute has established 
‘during investigations through 30 years (1923-1952) that the annual average 
value of the solar constant changes only by +0.1%, whereas the maximum 
change reaches a value of 3%. Hardy and Giclas [40] showed that solar 
radiation does not change more than 1% in the visible range of the spectrum 
independently of the number of solar spots. Evidently, the change in the 
solar constant occurs mainly because of the intensity variation ini ultraviolet 
and partly because of the blue region of the spectrum. Thus the ultraviolet 
emission from the sun doubled in the period from 1933 (minimum activity. 
of the sun) to 1937° (maximum). The investigations of Aldrich and 
Hoover [29] showed that the solar constant rose by 0.6% from 1944 
(minimum activity of sun) to 1948 (maximum). According to the data 
of Johnson and Iriante [43] it rose by 2% from 1953 (minimum) to 1959. 
’ Although scientists attempted to determine the solar constant even 
in the 19th century, only in 1932 did they undertake the. investigations 
‘which later provided sufficiently reliable values of the solar constant. 
Abbot’s group at the Smithsonian Institute performed significant work 
forthe determination of the magnitude of the solar constant and its 
steadiness. The magnitudes. of S, obtained by different authors at dif- 
ferent-times-are-given in Table 5.18. [33]... 7 or 
The evaluation of the value of the solar constant is ; related toa precise 
determination of the magnitude of “ultraviolet” and “infrared” correc- 
tions. As already stated above, thése corrections take into consideration 
radiation energy which could not be. observed on the ground because of 
complete absorption: of radiation in ozone in the region of the spectrum 
A<296 nm and in water vapor in the region of the spectrum A>2.5 p 
as well as ptadisnon | in the Tegion of is 346 nm Bene above 2440 nm asa 
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Table 5.18 Variation of values of the solar constant through 34 years [33] 


Years ~ Author S, cal/em* 4 ‘ Radiation scale 
‘min 
1932-1952 Abbot 1.94 Smithsonian scale of 1932 
1932 Linke 1.94 . —do— 
1934-1935  Mulders 1.95 Black body 
1938 Ansold 1.90 Smithsonian scale of 1932 
1950 Kvirk — 1.99 —do— 
1951 Nicolet 1.98+5% ~ —do— - 
1951 Allen 1,97+0.01 —do— . 
1954 Johnson 2.00-£2% —do— 
1955 Ansold 1.96 —do— 
1956 Steer, Johnston 2.055% Scale of National Bureau of Standards, 
“a. USA 
1958 Allen 1.9941% Smithsonian scale of 1932 
1966 Sitnik 2.0764.3.5% Black body 


_—— 


consequence of the limitations on the spectral range of the Smithsonian 

spectrobolograph (346-2440 nm). The values of the corrections obtained 

by different authors are eaiven in Table 5.19 [27] 

Table 5.19 Magaiiudes of “ultraviolet” and “infrared” corrections aS 
s min) according to various researchers [27] 

— 


Steer: 
Spectral range Abbot Nicolet Johnson and Sitnik - 
Johnston_ 
BS (UV, A<346 nm) 0.061 0.062 0.085 ° 0.074 © 0.059 
“OS (IR, A>2440 nm) 0.038 0.064 0.076 - 0.068- 0.073 


AS (346-<A<2440 om) (183950 (1.855 1.841 1.908 * 1.944 


‘The variation in the value of the solar constant is also connected 
with the variation in the scale of the radiation calibrators used in the 
determination of relative energy distribution for the spectrum of solar 
radiation with respect. to. absolute valués:of flux.of direct solar © radiation. 
Thus the Smithsonian scale (based on the water-jet pyrheliometer), which 
was established in 1913, was corrected by 2.5% in 1932 and this- correction 
was carried into the value of the solar constant, but the.remaining American 
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recordings on radiation were made on the earlier scale so as not to-impair 
an array of observations. In order to introduce the International Pyrhe- 
liometric Scale (IPS-1956) the data on the Smithsonian scale of 1913 had 
to be reduced by 2% (the relation between the scales is shown in Fig. 
5.10). The European scale, based .on the. Angstrém.Pyrheliometer A-70, 
also required alteration. . An estimate of the systematic errors of the pyrhe- 
liometer, carried out in 1948, showed that. Angstrém’s scale is undervalued 
by 1.3%. Moreover, it was established (1958) that the understanding © 
on an average works out at 2%. It was necessary to increase the obser- 
vation recorded by 1.5% in order to switch over from the earlier Angstrém 
scale to IPS-1956. a 


- Smithsonian scale of 1913 


ee 7 | A 


‘ : 2olsietea. 25° Corrected Angstrom scale of 1958 


3.5 4° 
-| International pyrhellometric scale 


’ Corrected Smithsonian. . : IPS 1956 if 
scale of 1932 Pa 


1.5 


ngstr6m Scale 
Fig. 5.10. Relation beeweek fundamental pyrheliometric scales [22]. 


Complete agreement between the Smithsonian and the Angstrém 
scales could not be achieved, and there remains a discrepancy of 1%. 

The International Pyrheliometric scale, introduced on January 1, 
1957, represents: (within an-accuracy of- 1%) the absolute radiation-scale, 
opined in.cal/em? “min or ly/min. 

‘ Unless specifically stated, all data on radiation fluxes published 
since 1957 in the Soviet Union or Europe (and some in America) are 
expressed i in IPS-1956 units. Up to 1957 Angstrém’s scale was utilized 
in Europe and the Smithsonian scale in America, 

The International. Commission ‘on’ Radiation. recommended the 
acceptance of the following standard value for the solar constant in 1957 ; 
viz. 1.98 cal/cm? - min according to the International Pyrheliometric scale. 

- A value of 2.0 cal/cm?.. min for the solar constant is‘usually accepted 
for computations ‘of radiative :attenuation in the atmosphere. This 
magnitude could be considered asthe mean estimate over the last 15 years. 
-Reéent. (Oct. 1967) experimental measurements on the flux of direct solar 
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Yadiation at 84.5 km [34] gave a value of the solar constant equal to 
1.95 cal/cm? . min; i.e. 2.5% lower than that of Johnson (2.00 cal/em? - min) ; 
whereas: spectral measurements showed that in the shortwave region the 
energy distribution in the spectrum of solar radiation is higher than that 
obtained -by Johnson by approximately 7%. Extrapolation of balloon 
data on. direct solar radiation’ at the boundary of the ainosphere also 
leads to the value S,=1.94 cal/em? - min [45]. 
: These values of the solar constant. are not final insofar as the possible 
existence of a variation in S, of 2%: demands. further investigation: ..The 
value of the constant, viz. 5,=1.98 callous: min accep ie in a eeains 
urichanged to date. ~ 

The empirical formulas into which the solar constarit Sy enters, are 
used for the evaluation. of the daily movement of the. flux of solar radiation 
with. respect to a specific. atmospheric mass in actinometric ‘applications. 
Since solar radiation with wavelengths lying outside the limits of-spectral 
range 346-2440 nm does not exceed 2-3% at ground level, there is no’-need 
to use S,-obtained for the:spectral interval’200-7000 nm. in. the formulas. 
For similar computations Georgi (1951) suggested the use of. the Meteo- 
rological Solar Constant Sym for which a value of 1.80 cal/cm?. min is adopted. 
While studying the empirical formula for the relation between the flux of 
solar radiation and the atmospheric mass Sivkov [26] arrived at the 
conclusion that the application of the value 5, m=1.80 cal/cm? . min leads 
to a value of the flux of solar radiation which is closer to its real value. 

However, the data of other authors (see Table 5.19) on the flux of 
the solar radiation entering the upper boundary of the atmosphere in the 
range of wavelengths 346-2440 nm differ considerably from the magnitude 
suggested by Georgi. 


2.2 Vertical distribution of direct solar radiation 


The profiles of direct solar radiation up to an altitude of 25 to 33 km 
were first obtained during balloon probings in 1962 [15]. Measurements 
of direct solar radiation in free- atmosphere, conducted: by Leningrad 
State University, besides the investigations surveyed here, were accom- 
plished only sporadically up to an altitude of 7 km [28]. An inadequate 
collection of data is the result of technical difficulties arising out of measure- 
ments of the flux of direct radiation from a moving aircraft (airplane, 
balloon). The use of an automatic solar tracking system alone could 
ensure the possibility of: such: measurements: “Two actinometers, one of: 
which was hermetically sealed, were installed in the Leningrad State 
University’s tracking system: In this case light entering through a square 
window falls on a sensitive element.’ There is an accuracy of the order. 
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of 2.0-2.5% [18] in the balloon measurements of absolute values of the flux 
of direct solar radiation. 

The data on direct solar radiation, continuously registered at the 
time of the ascent and brief drift of the balloon, contain a significant 
amount of important information. Using these profiles, it is possible 
to evaluate heat flux due to absorption of solar radiation in the atmo- 
spheric layer of thickness varying from several hundred meters to 30 km. 
It also enables us to investigate the structure of the atmospheric layer 
probed, the reasons for anomalous variations in transparency in the layers 
probed and those lying above as well as.the evaluation of the. magnitude 
and the variation of the solar constant from a sufficient collection of data 
on the flux of direct solar radiation S on the roof of the probing. . 

‘Fig.’ 5.11. shows profiles which characterize different attenuating 
properties of air masses in the area of probing (intermediate region of 
the European part of the USSR). The magnitudes of direct solar radiation 
are given in IPS-1956 for the mean distance between the earth and the 
sun. More detailed information about profiles of solar radiation can be 
found in [16]. 


Hkm 23 
30 
25b 
20- 
Ri 


10 


09 10 41° 12 143. 14 45 61:6 4.75 cal/em2.min 


Fig 5:11, Vertical profiles-of direct solar radiation. 
obtained in the period 1962-1967. 
- 1—November 22, 1962; 2—July 11, 1964; 3—October 23, 1964; 4—October 21, 1964; 
5—June 23, 1967-3 July, 7, 1962. 
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Profile 1 gives the variation of the direct solar radiation flux around 
midday in summer when S usually attains a maximum value in the tro- 
posphere as well as the stratosphere. It is easily noticed that attenuation 
of S occurs. mainly in the troposphere, so that the profile is sharply curved. 
Profile -1 can be accepted as the mean for midday during the summer 
seasons in 1962-1965. The values of the flux of direct solar radiation for 
this flight are given in Table 5.20. 


Table 5.20 Experimental values for flux of direct solar radiation up to 
the altitude of 29 km for noon hours when h@ =50° 


Akm Sp cal/em* . min Hkm Sp cal/em? . min 
0 1.087 15000 1.792 
500 1.185 16000 1,793 
1000 1.275 17000. 1.798 
2000 1.454 18000 1.800 
3000 1.516 19000 1,804 
4000 1.563 20000 1.817 
5000 1.590 21000 1.820 
6000 1.645 22000 1,820 
7000 1.681 23000 1.822 
8000 1.717 24000 1.823 
9000 1.735 25000 1.825 
10000 1.752 26000 1.830 
11000 1.762 : 27000 1.832 
12000 1774 28000 _ 1.835 
13000 1.778 29000 1.838 

14000 1.780 


Remargs: Sp is the value of | the flux of direct solar radiation derived for the BE 
distance between the sun and the earth. 


Profiles 2 and 3, which correspond to maximum values’ S in the 
troposphere (3) and the stratosphere (Z), characterize the course of S at 
lower solar altitudes. The profiles are rather flat, i.e. attenuation of § 
occurs more smoothly than at greater solar altitudes. From here it follows 
that in autumn and winter the upper stratosphere and mesosphere are 
warmer than in summer. Of course, the difference in the values.of § on 
account of different distances between the sun and the earth is added to this: 
At any rate these two facts evidently explain the warmer mesosphere during 
autumn and winter. 
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‘The similar though highly: trdnsient influence of the changing 
altitude of the rising sun in summer should provide the momning wate of 
heating, moving toward the west, in the upper stratosphere. 

... OF all the balloon probings given, profile 2 describes: the. case. “of 
minimum turbidity of the air mass.- Profiles 4 and 5 represent possible 
variations in § in the troposphere and stratosphere under identical 
external conditions (time of year, time of day, area of probing), although 
in different years. The profiles clearly resemble each other above 15 km, 
but at lesser heights the difference in the attenuating properties of air 
masses leads to a difference in the profile structure. The above example 
illustrates the difficulties in assessing the attenuation characteristics of the 
upper troposphere and even more SO. . of the stratosphere from the ground 
measurements alone. 

"A systematic change of all ovotilts is-most clearly expressed at altitudes 
between 8-22 km. This behavior of profiles implies the continuous exis- 
tence of a laminar structure in the distribution of aerosol. and ozone in the 
stratosphere and of aerosol and water vapor in the troposphere. - 

Profile 6, along with the five remaining profiles, gives an estimate 
of the change in S in the vicinity of ithe peak probe altitude in the period 
1962-1967, i.e. from the minimum activity of the sun to a maximum. The 
data obtained show that. there is a variation of 2-2.5% in the integrated 
‘flux of-solar radiation with respect to solar activity. As a result of the 
extrapolation of the high-altitude data on § through 1964-1967 at the 
boundary of the atmosphere and the introduction of the corrresponding 
corrections, many values of S,e*'r8> were obtained which varied from 
1.896 to 1.938 cal/cm? . min depending on the solar activity. 


2.3 Geographic distribution 


The .most. significant data characterizing the incidence of..solar 
radiation onthe ground and describing the geographic distribution of 
direct solar radiation over the earth will be surveyed in this: section. 

This-information is necessary for meteorology and astronomy as s well 
as for ‘thé solution of an array-of applied problems. . 

. For the purpose of analyzing the space-time distribution of direct 
eke radiation one must differentiate between the flux incident on a 
surface perpendicular to the solar radiation and that flux which is incident 
on: the-ground level, i.e. on an.idealized. unceEyg surface, 0 or ona surface 
oriented-at different ingles to the rays.-- - TSS EEE Re 

It:is possible: to evaluate the flux S$ of divest solar eadiation caenne 
a. surface perpendicular ‘to the rays of the sun through direct actinometric 
observation. The incidence of direct solar radiation :on a- horizontal 
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surface is equally important for the characteristics of the radiative regime 
and may be computed from the following formula : 


S,=S sin ho, Se ee (5.5) 


where ho is altitude of sun at the time of observation. 

The duration of sunshine is an interesting and useful characteristic” 
which qualitatively reflects the fundamental properties of the geographic 
distribution of the incident solar radiation. It indicates the time for 
which the sun is situated at a given point above the horizon when it is not 
hidden behind clouds, haze or mist. 

‘The relative magnitude of the duration of sunshine or the ratio of 
the observed duration of sunshine to the possible (as a percentage) ‘serves 
as the second representative characteristic. Relevant data for all the 
months in a year may be found in “Handbook on Climate of the USSR”, 
Part I. 

: There is a considerably agitate collection of data on the duration of 
sunshine than on other characteristics of solar radiation, so that this data 
can be used for various extents of solar radiation or for replacement of 
insufficient data at several stations. Thus, for instance, in the North, 
North-East of the USSR and in the Far East region of the Soviet Union 
there is a network of actinometric stations so that the duration of sunshine 
is-taken into consideration while drawing isolines for the chart of direct 
solar radiation. ~ 

The planetary distribution of the sunshine duration in hours as 
obtained by T. G. Berlyand and V. Ya. Danil’chenko [6] is given in Fig. 
5.12. 

The duration of sunshine over a year changes from 500 to 4000 h 
over the entire earth; moreover, the minimum has been observed in the 
region of the Southern Orkney Islands (60°44’ S, 44°4' W) and comprises 
magnitudes of 483 h, whereas the maximum is found in the Sahara 
Desert in the region of Aswan (of the order of 3700 h). 

The subtropical deserts and semideserts are the sunniest, whereas the 
Western and Northern coasts of Eurasia and the Western coast of Canada 
appear to be the cloudiest. 

‘High values of radiation flux have been observed in Antarctica. 
According to data collected by N. P. Rusin [24] the maximum value of direct 
vertical.radiation incident on Antarctica is about 1.67 cal/cm? - min. This 
value noticeably exceeds the corresponding values registered at other points 
of the earth’s surface.- The same can be said about the -possible daily 
amounts (relative to a clear sky) of solar radiation on a horizontal surface. 
The probable daily amount of solar radiation reaches a value of 850-900 
cal/cm® at the highest points of a glacial plateau. 
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Fig. 5.12. Planetary distribution of duration of sunshine over a year (in hre.). 
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The problem about the distribution of the monthly and annual 
amounts of direct solar radiation on a perpendicular surface for the territory 
of the USSR was studied in detail by Z. I. Pivovarova [20]. 

The monthly and annual amounts of direct solar radiation, deter- 
mined by the trapezoid. method of quick. observations carried out at the 
network of meteostations, are given in Table 5. 21, 

Material from observations at 105 actinometric stations was employed 
for the plotting-of the chart of direct solar radiation: ona perpendicular 
surface. Mountainous regions (stations above the height of 1000 m) were 
not examined for lack of sufficient data on recordings. The stations are 
distributed rather evenly in’ the territories surveyed, where the rietwork 
of stations is infrequent (North-North-East of the USSR and the ‘Far East). 
The duration of sunshine was taken into cousdeca ion while Plone 
isolines (dotted). Do; 

Isolines on ‘the sous hart are inaed: throligh’ iter vale of 10 
kcal/em?, (in monthly charts—through 2 kcal/cm?) which ‘accurately 
determine the - ‘amounts. of . direct radiation” for: 10-year. periods: and its 
variation in space. 

It is obvious from the charts plotted by Pivovarova [20] that the 
annual amount.of solar heat incideht:on‘a perpendicular surface on the coast 
of the Arctic Ocean adds up to 60-70 kcal/cm?. This amount increases to- 
ward the south, canine a avelue of 170 Realiemt and above in Central 
Asia. . 
Although the Sstvonbaiical factor determines direct solar padia don 
cloudiness changes the latitudinal distribution of the solar radiation to 
a significant degree. This ‘is: especially in evidence in the European 
Territory of the USSR where the isolines are directed from SW to NE. A 
decrease in the number of hours of sunshine causes some decrease in radiation 
as compared with the.surrounding regions. 

The charts characterizing the influence of cloudiness on the incidence 
of direct solar radiation in warm and cold pee for June and December 
are given in Figs. 5.13 and 5.14. 

Data on recordings from the stations of actinometric networks over 
intervals with marked bright sun (@*) and general cloudiness of 0 to 2 
tenths were used for the characterization of the radiative conditions during 
clear weather. Material from 150 stations (height below 800 m) over the 
period 1952-1958 (monsoon region being excluded) was treated and tables 
of radiation flux. on-perpendicular s surface.on-clear .days [23] were computed. 
Table 5.22 contains the mean values (over mariy years) for different latitudes 
of the Northern Hemisphere, averaged over intervals of 12 moniths, of the 
year. : 

‘Analogous data on solar’ radiation on ‘horizontal surface for clear 
days are given in Table 5.23. 
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Table 5.22 Direct solar radiation (cal/cm*-min) on perpen- 


Jan Feb Mar 
Latitude ee 
9:30 12:30 15:30 9:30 12:30 15:30 6:30 9:30 12:30 15:30 6:30 9:30 


38°N 1.18 1.32 0.97 1.23 136 1.13 046 41.27 1.35 1.15 0.70 1.21 


40 112 1.28 0.94 1.20 1.35 108 — 1.24 1.33 1.14 0.70 1.20 
42 1.06 1.26 0.90 1.16 1.31 1.03 051 1.23) 1.32) 1.13 0.71 1.19 
44 1.01 1.20 0.82. 1.11. 1.27 0.99 0.52 1.21 1.30 1.11) 0.72 1.17 
46 “0.94 1.13 0.73 105 1.23 0.93 0.52 1.20 129 1.09 0.72 1.15 
48 0.86 1.10 0.65 1.01 1.20 0.88 0.52 1.19 1.28 1.07 0.73 1.16 
50 0.82 1.06 0.60 1.00 1.18 085 ° 0.52 41.19 1.26 1.06 0.75 1.17 
52 0.77, 1.02 0.55 0.98 1:15 0.82 052 1.18 1.26 1.05 0.78 1.20 
‘54 0.73 0.98 0.50 0.96 1.13 080 0.51 41.16 1.26 1.04 0.80 1.23 
56 0.67 0.94 045 0.94 1.10 0.78 049 1.14 1.26 1.03 0.81 1.25 
58 0.60 0.88 0.38 0.88 1.08 0.75 048 1.12 1.23 1.00 0.83 1.23 
60 0.52 0.78 0.31 0.82 1.05 0.67 049 1.07 1.21 0.97 0.83 1.20 
62 0.42 0.71 — 0.74 1.02 0.60 0.50 1.04 1.19 094 0.83 1.19 
64 —- 060 — 068 O96 0.55 053 %1.01 1.15 090 0.83 1.19 
66 —- 049 — 0.65 0.89 0.51 0.55 099. 1.10 085 0.83 1.19 
68 — 047 — 064 0.84 044 — 0.93 1.02 083 0.86 1.20 
jul Aug 
Latitude 


6:30 ° 9:30 12:30 15:30 18:30 6:30 9:30 12:30 15:30 18:30 6:30 9:30 


38°N 0.69 1.10 1.18 1.02 — 064 114 1.22 108 — - 059 1.19 


40 0.73 1.12 1.19 1.05 040 0.66 1.14 1.22 108 1.24 0.59 1.19 
42 0.78 1.14 1.20 1.08 0.47 069 1.13 1.21 107 0.27 0.60 1.18 
44 0.80 1.14 1.20 1.10 0.52-0.71 1.12 1.20 106 032 0.61 1.17 
46 0.81 1.14 1.20 1.10 057 0.73 1.11 1.19 105 0.36 061 1:16 
48 0.83 1.14 1.20 1.10 061 0.74 1.10 1.19 1.05 037 O61 1.15 
50 0.86 1.14 1.21 1.10 0.64 0.75 1.10 1.19 104 040 0.60 1.15 
52 0.68 #115 1.22 1.11 069 0.76 $1.10 1.19 1.04 043 0.62 1.14 
4 0.90 1.16 1.23 1.12 0.73 0.79 1.10 1.20 1.05 0.47 0.62 1.13 
56 0.92 1.16 1.24 1.13 0.75 0.81 1.10 1.20 1.05 0.50 0.62. 1.12 
60 0.95 1.16 1.25. 1.13 0.79 0.84 1.12 1.20 1.07 0.60 067 1.14 
62 0.96 1.16 1.25 1.15 081 086 1.14 1.20 109 0.65 0.69 1.15 
64 1.00 1.18 1.25 1.16 .0.84 0.89 1.15 1.20 1.11 0.70 0.70 1.15 
66 - 1.03 1.20 1.26 1.18 0.91 0.92 1.17 121) L112 0.73 0.71 1.12 


68 103 1.22 1.28 1.19 0.94 1.00 1.22 1.25 1.12 0.80 0.60 1.10 
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‘dicular surface on clear days (average over many years) [23] 


Apr 


May « 


_Jun 


"12:30 15:30 18:30 6:30 9:30 12:30 15:30 18:30 6:30 9:30 12:30 15:30 18:30 


‘1.28 
1.30 
1.30 


1.29" 


1.24 
1.22 
1.23 
1.26 
* 1.30 
1.31 
1.30 
1.28 
4.25 
2.25 
1.25 
1.25 


1.09 
1.09 
1.10 
1.10 
1.09 
1.07 
1.07 


1,08 . 


Ll 
1,14 
1.14 
- 1.12 
1.10 
1.10 
1.10 
1.11 


0.83 
0.85 


1.20 
1.20 
1.19 
1.19 
1.18 
0.17 
1.17 
1.18 
1.20 
1.20 
1.20 
1.20 
1.22 
1.23 
1.24 


1.25 . 


1.25 
1,25 


1.25° 


1.25 


1.26. 


1.26 
1.26 
1.26 
1.27 
1.28 
1.29 
1.29 
1.30 
1.31 
1.32 
1.34 


1.10 
1.12 
1.14 
1.13 
1.12 
1,12 
1.12 
1.14 
1.15 
1.15 
1.15 
1.15 
1.15 
1.16 
1.18 
1.20 


0.29 . 


. 0.34 
0.38 
0.42 
0.44 
0.48 
0.52 
0.56 
0.60 
0.63 
0.66 
0.70 
0.75 
0.79 
0.83 
0.86 


0.84 
0.85 
0.86 
0.88 
0.89 
0.90 
0.92 
0.94 
0.95 
0.96 
0.97 
0.98 
1.01 
1.03 
1.06 
1.08 


1.20 
1.20 
1.20 
1.19 
1.18 
1.17 
1.17 
1.17 
1.17 
1.17 
‘1.18 
1.18 


1.20° 


1.21 
1,22 
1.22 


1.25 
1.25 
1.25 
1.24 
- 1.23 
1.23 
"1.23 
1.23 
1.23 
1.22 
1.22 
1.22 
1.23 
1.25 
1.26 
1.28 


1.12 
1.12 
1.12 
1.12 
111 
1.10 


1.11 - 


1.12 
1.13 
1.13 
1.13 
1.13 
1.14 
1.14 
1.15 
1.16 


Sept 


Oct 


Nov 


Dec 


12:30 15:30 6:30 9:30 12:30 15:30 9:30 12:30 15:30 9:30 12:30 15:30 


1.25 . 
1.25 
1.24 
1.23 
1.21 
1.21 
1.20 
1.20 
1.20 
1.20 
1.21 
1.23 
1.24 
1.22 

_ 1.20 


1.04 
1.03 
1.02 
1.02 
1.01 
1,00 
1.00 
0.99 
9.99 
1.00 
1.05 
1.05 


“1.05 | 


1.04 © 
0.99 


0.44 
0.44 
0.43 
0.42 
0.41 
0.38 
0.37 - 
0.37 
0.37 


1.20 
1.18 
1.16 
1.14 
1.11 

1.10 

1.08 


1.26 
1.25 
1.24 . 
1.23 
1.22 
1.20 
1.19 
1.18 
1.16 
1.15 
1.12 


1 


1.10 
1.06 


0.95 


0.98 
0.97 
0.95 


_ 0.93 


0.90 
0.86 
0.84 
0.82 
0.80 
0.77 
0.73 
0.73 
0.72 
0.69 
0.60 


1.14 
1.13 
1.13 
1.13 
1.09 
1.04 
1.00 
0.97 
0.92 
0.86 
0.75 
0.70 
0.64 
0.52 
0.42 


1.24 
1.24 
1.23 
1.22 
1.20 
1.15 
1.12 
1.09 


1.06 - 


1.00 
0.85 
0.80 
0.75 
0.75 
0.70 


. 0.80 


0.80 
0.78 
0.74 
0.69 
0.62 
0.57 
0.53 . 
0.50 
0.47 
0.31 
0.30 


1.17 
1.11 
1.08 
1.03 
0.95 
0.89 


1.27 
1.25 
1.21 
1.16 
1.10 
1.05 
1.02 
0.99 
0.95 
0.88 
0.74 
0°57 
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Table 5.23 Direct solar radiation (cal/em*- min) on horizontal 


Jan Feb Mar 
ST a 63 ta ch ea a i gh 


- 9:30 12:30 15:30 9:30 12:30 15:30 6:30 9:30 12:30 15:30 6:30. 9:30 


‘38°N 0.40 0.64 0.23 0.55 0.82 .0.37 0.06 0.73 0.99 0.52 0.15 0.88 


40 0.37 0.59 0.18 0.51 0.78 0.34 0.06 0.71 0.97 --0.51. 0.15. 0:85 
42 0.32 “0.56 0.13 0.47 0.74 0.32 0.05 0.69 0.94 0.50 0.15. 0.82 
44 0.28 0.50 0.09 0.43 0.69 0.29 0.05 0.65 0.90 0.48 0.16 0.80 
46 0.23 0.44 0.08 0.38 0.64 0.26 0.05 0.61 0.86 0.44 0.16- 0.77 
48 0.20 0.38 0.06 0.34 061.023 0.04 0.58 0.83 0.42 0.16: 0.76 
“50 0.17 0.36 0.05 0.31 0.54 0.21 0.04 0.56 0.79 040 0.18 0.75 
32 0.13 0.31. 0.04  0.29° 0.48 0.18 0.04 0.54 0.75 0.38 .0.18 .0.72 
54 0.10 0.26 0.01 0.27 044 0.16 0.04 0.51 0.71 .0.36 0.19 0.71 
56 0.08 0.21 — 0.24 O41 0.14 0.04 047 0.66 0.33 . 0.19 -0.70 
“58 0.06 0.16 — 0.19 0:37.0.13 0.04 043 0.62 031 0.19 0.67 
“60 = -*..0.03. 0.12 — 0.16 032 O11 0.04. 041 0.57 .0.29 0.19 0.64 
62 0.03 0.09 — 0.14 0.27 0.09 0.04 0.37 0.53 026 .0.19 0.62 
64 — 008 — 0.12 0.24 0.08 0.03 035 0.48° 0.24 0.18 0.58 
66 — 007 — O11 0.23 0.07 0.02 0.33 0.43 0.22 0.18 0.56 
68 —- — — 0.08 O21 005 — 0.27 0.37 0.19 .0.18. 0.54 
Jul Aug 
Latitude. - >, <r i ee 


6:30 9:30 12:30 15:30 18:30 6:30 9:30 12:30 15:30 .18:30°-6:30 9:30 


38°N- 0.23 «0.91 #+1.15 0.74 0.07 0.18 086 1.11 0.66 -0.03 0.08 0.78 


40 -0.24 0.91 1.13 0.73 0.08 0.18 ° 0.86 1.10 0.64 -0.03 0.08 0.76 
42 0.25 0.90 1.11 0.73 0.10 0.18 0.84 1.08 0.63 ° 0.03 0.09 ~.0.74 
44 0.26 0.89 1.09 0.73 0.11 0.18 0.80 1.03 0.62 0.03 0.10 0.73 
46 0.28 0.87 1.07 0.72 0.13 0.19 0.77 0.97 0.61 (0.04 0.11 .0.70 
48 0.30 0.85 1.05 0.71 0.13 0.19 0.75 0.94 0.59 0.05 -0.09 0.67 
50 0.31 0.84 1.04 0.71 0.15 0.21 0.74 0.92 0.58 0.05 0.09 . 0.64 
52 0.32 0.84 1.03 0.71 0.17 0.21 0.73 0.91 0.57 0.06 0.08 0.62 
54 0.32 0.83 41.02 0.70 0.19 0.22 0.73 0.88 0.57 0.07 .0.09 0.59 
56 0.34 0.82 0.99 0.69 0.20 0.23 0.70 0.85 0.56 0:08 0.09 0.56 
58 -0.35 0.81 0.96 0.67 0.22 0.24 0.68 0.82 0.53 0.09 0.09 0.53 
60 -0.36 0.78 0.95 0.67 0.23 0.24 0.66 0.79 0.51 0.10 0.11 0.51 
62 -0.36 0.76 0.93 0.67 0.23 0.24 0.64 0.78 0.51 0.11 O.11 0.48 
64 -0.37 -0.75 0.90 0.67 0.25 0.24 0.64 0.75 0.51 .0.12 O.11 0.45 
66 -0.38 -0.75 0.88 0.66 0.28 0.25 0,64 0.72 0.51 0.14 0.12 0.42 


(68 —s0.39.«0,75 0.87 (0.66 0.31 0.27 0.64 0.71 0.51 0.16 0.13 0.39 
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surface for clear days (average over many years) [23] 


Apr May Jun 


12:30 15:30 18:30 6:30 9:30 12:30 15:30 18:30 6:30 9:30 12:30 15:30 18:30 


“1414 065 — 0.27 6.97 1.20 0.73 0.03 029° 0.99 1.20 0.76 0.05 
1.09 062 — 0.28 .0.96 1.17 0.71 0.04 031 0.98 1.18 0.75 0.07 
- 106 060 — 0.29 095 1.15 0.70 0.05 0.33 0.97 1.17 0.75 0.09 
1.02 0.58 — 0.29 0.93 1.12 0.69 0.06 034 0.94 1.16 0.75 0.11 
0.99 0.56 — 0.30 0.89 1.10 0.68 0.06 034 0.92 1.12 0.73 0.12 


0.95 0.55 0.01 0.31 088 1.06 068 0.07 035 O91 1.09 0.72 0.13 
0.93 0.54 0.01 0.31 088 1.04 0.68 0.08 0.36 0.90 1.07 0.71 0.13 
"0.91 0.54 0.02 0.32 0.86 1.02 0.68 0.09 0.37 0.89 1.07 0.71 0.15 
“0.91 0.53 0.03 0.33 0.84 0.99 0.67 0.11 ,0.38 087 1.05 0.71 0.17 
0.86 0.51 0.04 0.33 083° 0.97 0.66. 0.11 0.38 0.86 1.02 0.71 0.18 
0.81 0.50 0.05 0.34 082 0.95 0.65 0.13 0.39 0.86 1.00 0.71 0.20 
0.78 048 0.05 0.35 O81 093 0.63 0.15 041 064 0.99 0.69 0.22 
0.75 0.47 0.05, 0.37 0.80 091 062 0.16 0.41 083 0.96 0.69 0.24 
0.72 045 0.05 0.37 0.80 0.89 0.61 0.17 0.42 0.82 0.92 0.68 0.26 
0.69 043 0.06 0.38 0.78 0.87 060 0.18 0.44 0.82 0.90 0.67 0.28 
0.67 0.42 0.07 040 0.75 0.84 0.57 0.19 045 080 0.90 0.67 0.31 


Sep Oct Nov Dec 


12:30 15:30 6:30 9:30 12:30 15:30 9:30 12:30 15:30 9:30 12:30 15:30 


1.02 0.51 0.03 0.69 086 0.29 0.52 069 0.18 040 0.60 0.15 

0.98 0.50 0.03 0.65 0.81 0.29 049 0.65 0.17 0.36 0.56 0.12 

0.94 0.49 0.03 0.61 0.78 0.28 0.45 0.61 ‘0.14 0.32 0.51 0.09 

0:90 0.48 0.03 0.58 0.73 0.28 042 0.56 0.12 0.28 0.45 70.0 

0.88 0.46 0.03 0.53 0.67 0.25 0.36 0.51 0.10 0.23 0.39 0.03. 
0.86 0.43 0.02 0.49 '0.64 0.22 0.34 0.45 0.18 0.19 0.36 0.02 
0:83 0.42 0.01 0.47 0.60 0.19 0.31 041 0.06 0.16 0.30 0.01 

0.79 0.40 °0.01 0.43. 0.56 0.17 0.24 0.36 0.05 0.11 0.24 0.01 

0.73 0.38 0.01 0.40 0.50 0.14 0.20 0.30 0.04 0.08 0.20 


069 037 ~— 0.35 045 0.13 O15 0.23 0.02 0.07 0.16 — 
0.66 037 — 032 0.38 O11 0.12 0.20° 0.01 0.03 014 — 
065 035 — 0.28 0.35 O31 0.10 0.15 0.00 0.02 009 — 
0.62 032 — 0.24 0.33 0.10 0.08 0.12 — — 006 — 
0.58 O31 — 0.22 031 0.10 006 010 — — —- — : 
0.54 0.28 — 0.18 0.27 0.10 0.04 009 — - -— _ 


‘048 0.26 — 0.13 020 0.09 0.01 008 — —- — 
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A chart representing annual amounts of direct solar radiation on a 
horizontal surface (Fig. 5.15) was compiled in reference [4]. 

‘The~ geographic distribution of direct solar radiation over the 
earth was analyzed by Bernhardt and Philips [30]. They computed 
fluxes of direct solar radiation (cal/em?.min) for areas of sea of 10 degrees 
and land between 70° N and 60° S and compiléd corresponding charts. 

Bernhardt and Philips used the formula they obtained from theoretical 
parameters as the basis for their computations. Bernhardt made the 
computation considering turbidity of the atmosphere for a clear sky and 
Philips took into consideration turbidity and cloudiness. Using the mean 
monthly values obtained, twelve monthly and one annual charts were 
compiled for the distribution of direct solar radiation over the earth 
(separately for the Northern and Southern Hemispheres). 


Fig. 5.16a. Direct solar radiation on a horizontal surface considering 
; cloudiness (cal/cm*.min), year. 


Northern Hemisphere. 
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Fig. 5.16b. Direct solar radiation on a horizontal surface considering 
cloudiness (cal/cm*- min), year. 
Southern Hemisphere. 


Annual charts of the distribution of direct solar radiation on a 
horizontal surface considering cloudiness and turbidity of . atmosphere 
have been introduced here as illustrations (Figs. 5.16a and 5. i6b). 

It is necessary to consider the influence of turbidity on fluxes of 
direct solar radiation separately. Experimental investigations [9] showed 
that for the last 25 years the contribution of aerosol components to 
attenuation of direct solar radiation has increased noticeably. This 
gradual rise in turbidity has been brought about on account of industrial 
activity. 

Distinct cases of high arbiality of the atmosphere have been registered 
not only in distinct sections of the earth [37] but on a global scale. 

The eruption of volcanoes, especially of the explosive type, is the 
reason for similar rapid turbidity in a majority of cases. The appearance 
and the subsequent dynamics of aerosol turbidity in a given section depend 
on the time of the year and the intensity of the eruption. There is a 
possibility of dust accumulation in the course of several years in the 
equatorial stratosphere. 
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Recent climatological investigations conducted in the USSR [21, 22] 
confirmed that the contribution of aerosol components in the attenuation 
of direct solar radiation in the atmosphere of intermediate and lower 
latitudes is comparable to that due to water vapor. The properties of 
aerosol attenuation and absorption of direct solar radiation in water vapor 
over the territory of the USSR at different times of the year are given in 
Table 5.24. Calculation of attenuation was based on the actinometric 
and aerological observations at 20 places in the USSR.- The computation 
was conducted for m=2. 

The above data show that aerosol attenuation is at its maximum in 
June and July in the major part of USSR territory. In the southern part 
of the European Territory of the USSR and in-Central Asia aerosol attenua- 
tion even exceeds the absorption in water vapor (up to 60%), and a similar 
situation is characteristic of the region of the Steppes along the Volga and 
Western Siberia. Aerosol attenuation decreases in a North-North-Easterly 
direction as well as in the major portion of USSR territory during winter. 


2.4 Incidence of direct'solar radiation on 
an inclined surface 


Solar radiation flux incident on an arbitrarily oriented plane surface 
may be determined by.the relation [14]. 


No OL SC ee, (5.6) 


where Sj, is flux of solar radiation on a plane perpendicular to the rays for 
atmospheric mass m ; i—angle of incidence of ray from the.sun on a fixed 
surface. . The following relation expresses the course of the angle. of 
incidence thus : 


- cos i=coS: asin h@+sin « cos he. cos Yo, (5.7) 


nee 


where « is angle of inclination of the surface with respect -to horizontal 
plane ; ho—solar altitude ; P=t@ —p,P@ and pare solar. azimuth 
and projection of the normal to the surface on a horizontal plane. 

--:’The altitude -and azimuth of the sun. can be determined. by the 


following formula : seit bee 


sin hg =sin ? sin 8@-+cos ? cos §@ cos Q, (5.8) 
____ sin h@ sin ¢—sin 8@ . 
Pe ote ==; “cos h@ cos ? : 
oe. nagg oom (5.9) 


cos ho 
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where ¢ is latitude, 8@—inclination of the sun, Q—hourly angle of the sun 
at the given time reckoned from the moment of true midday. 

While considering equations (5.7)-(5.9), we obtain the following in 
place ‘of equation (5.6), viz. ; ; 


S-=Sm [cos « (sin ¢ sin 8@ + cos ? cos 8@ cos 2) 
+sin « {cos ?, [tan ¢ (sin¢ sin 8@+-cos ¢ cos 8@ cos Q) 
—sin 8© sec #]+sin bp cos 3@ sin Q}]. (5.10) 


The last formula determines in a general form the incidence of direct 
solar radiation on the inclined surface relative to its orientation, specified. 
by angles « and tp for any latitude 4 and at different times of the day 
(2) or year (89). 

- For vertical planes oriented toward the east or west the ‘angles of 
incidence’ of solar radiation do not depend on the latitude and can be 
determined throughout by local (solar) times [3] thus : oe 


cos i=-tcos 8@ sin 2. (5.11) 

The angles of incidence of solar radiation on the eastern and western 
vertical surfaces at the same hours, local time (2); appear to be identical 
over the entire earth. — 

The solar radiation flux on an inclined surface can ‘usually be 
evaluated from the given actinometric measurements of the flux of solar 
radiation on a surface perpendicular to the rays. Similarly a large number 
of theoretical computations S, under varying conditions of atmospheric 
transparency have been obtained.* ‘The flux of solar radiation on a surface 
perpendicular _ to the rays can be determined from the value of the solar 
constant and different given values of characteristic atmospheric’ trans- 
parency. ; my 

_. The most detailed theoretical computations were carried out for 

fluxes of solar radiation on differently oriented surfaces. The results 
of these computations have been discussed in detail in monograph [14]. 
The daily course of direct solar ‘radiation for vertical ‘surfaces dependa 
considerably on their orientation. The maximum is observed at’ solar 
midday for southern walls. For eastern and western walls the maximum. 
is displaced toward the morning ‘and evening hours respectively. ‘Table 
5.25 illustrates the daily course of solar radiation, where the magnitudes 
Sp/Sp and Sr/Sm are given for differently oriented vertical surfaces in 
summer and in winter at’60° N.’ 

The daily course .of direct solar Padistion for differently inclined 
surfaces of northern and:southern orientations at latitudes 42, 50, 60 and 
70° is given in Table 5.26. This Table gives hourly fluxes of direct solar 
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Table 5.25 Daily variation in magnitude of ratio of fluxes of solar radiation on 
a vertical surface and a surface. perpendicular to the rays at 60° N 


Sp/Sa 

prairies S:/So Summer (June 21 ), Winter (Dee, 22), 
B= 23.5 8 =23.5° 

9 15 : is 
10 14 0.02 0:30 
I “13 0.23 a 0.52 
12: 12 0.80 «0.11 0.60 0.00 0.42 0.99° 0.00 0.70 
13-1179 0.10 0.57 _, 0.24: 0.60 0.97: 0.24 0.85 
14 10 - 0.74 0.05 049 - 0.46 0.67 0.89 0.46 0.95 
15 9 0.70 0.36 0.65 0.71 0.20 
16 8 0.57 0.20 0.79. 0.70 0.42 
17 77 046... 0.01 ~ 0.89 0.63 0.62 
18 = 68H 0.20 092 0.51 0.79 
19 ASG OO ay 0.41 .0.89 0.34 0.91 
20. - 4 0.12 : 0.60 0.79 0.14 0.98 
21. 3 : 0.76... 0.65 1.00 
22. ~2 0.02, 


radiation on different days of the year corresponding’ to the inclination 
of the sun equal to +23° [10]. Since-the diurnal movement is symmetrical 
with respect to midday, the Table gives the variation for 12 hours. As is 
evident from the data in. the Table, at a latitude of 50° the fluxes of solar 
radiation at southern inclinations ; are close to one another so that the angle 
of inclination plays an insignificant role. 

The diurnal variation of direct solar radiation for northern inclinations 
becomes increasingly steep with, geographic latitude. The computations 
were carried out. for cloudless atmosphere. In [10] we can find ‘the 
computations for diurnal amounts of heat of direct solar radiation for dif- 
ferent inclinations. The annual course of the probable diurnal amounts 
of solar radiation can be determined primarily by the angle of incidence 
of the direct rays. The summer minimum, caused by an increase in the 
angle of incidence of the rays for the highest position of the sun, may be 
observed in the annual course of diurnal amounts for southern slopes with 
inclination of 40° at 42° latitude. 
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Table 5.26 Hourly fluxes of direct solar radiation (cal/em*. min) . Inclination * 


of sun 8@= 23° 


South 


1 


“wourtune d.: 
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. we 
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“1.34 


~” 70,57 
. 0.31 
-~=0.04 


118 


(0.96 * 
- 0.79 ° 


" @=42° 
1.45 
1.31" 141 
1.21 1.29 
1.03 1.08 
0.82 0.83 

0.55 

6.26 

0.04 
9=50° . 
1.36 
1.32 
1.20 
1.04 
0.82 
0.58 


1.22 


1.09. 


0.58 
0.36 ° 


0.15 _ 0.10 


¥=60°.. 
1.18 
1.16 
1,05 
0.96 
0.79 
0.61 
0.43 
0.23 
0.07 


1.00 
1.00 
0.91 
0.84 
0.72 


0.32 --- 
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Table 5.26—Contd: ~~ ° Sie oe 
North South 
Hourly on 
angle 2 ; 
40° goo 2010 Fg 20 30% ~~ 40° 
_P=70° 7 : 
0 0.06 032 056 078 O97 LI7 126 136 141; 
1 0.07 0.32054 0.75 0.95.2 1381.89 
2 0.13 035 0.55 0.73 090 1.01 1.13, 1.20 = 1.23 
3 022 038 054 069 081° 090 098 102 1.63” 
4 0.28 041 0.58 062 0.70 0.77 "0.80 0.81 0.80 
5 037 044 050 0.54 0.57 0.58 0.58 055 O51: 
6... ..044. 045. 046 045 043 040 035 0.29 0.22 
7 646 046 «041 «0.36 «030 «0.23 «01S 07 — : 
“28 0.47 +041. 035 027 O18 009 — _ = 
Qo. 043. 036. .0.28.. 0.18 0.10... — = = = 
10 036 0.28 023 013.008 — — a See 
11 0310.23 019 013, 008 = 
a ‘026 020. 013 006-002 — =a 


The relative values of fluxes and amounts of: direct solar radiation, 
determined with respect to fluxes and amounts.for a horizontal surface, are 
distinctive characteristics of the radiative conditions of inclined surfaces: ~ 
-¢ -.For differently oriented vertical surfaces .the relative magnitudes of 
actual. X¥, and probable Xp diurnal totals of direct solar radiation are given 
in Table 5.27 [8]. The relative amounts were obtained ‘for thé latitude 
of Minsk (9=54°N) for the 16th of:each month. - The relative’ magnitudes 
of diurnal amounts depend on transparency and cloudiness to a lesser extent 
and can be applied for the entire plotted latitudes. 9 ste BD 

' The relative diurnal: amounts of direct solar radiation - for ‘different 
angles of incidence and for different latitudes are similarly given: in [10]. 

The relative magnitudes can be applied for the determination of the 
actual amounts on the basis of actual sums for a eon surface ebtamed 
uonee observations. : ee tN 

- Detailed tables for fluxes and amounts. of direct Se ‘radiation on 


differently oriented inclined surfaces can be found in [31, 39, 41,51]. 
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Table 5.27 Actual and probable diurnal amounts of direct solar radiation [8] 


Month 
ss] 
Orientation of “3 - 
' slope & ‘: a 
: e a 4 - Go bp oa 8 3 9 
5 ike gas ue: CB a ec Be SO aoe 
; Xq_ 4.42 2.60 1.50 0.84 0.50 0.40 0.45 0.69 1.19 2.12 3.70 5.50 
South oa . : / 
. Xp. 4.50 2.60 1.50 0.84 0.50 0.40 0.43 0.68 1.20 2.10 3.80 5.40 
: X, «1.01 0.75 0.69 0.50 0.46 0.43 0.44 0.50 0.61 0:74 0.96 1.20 
West 
2 Xp 0.92 0.72 0.66 0.58 0.53 0.51 0.53 0.56 0.66 0.74 0.90 1.03 
) : : = = 
X_, 9.00 0.00 0.00 0.01 0.06 0.11 0.09 0.03 0.00 0.00 0.00 0.00 
North = 2 : : : 4 
A Xp 0.00 0.00 0.00 0.02 0.09 0.13 0.12 0.04 0.00 0.00 0.00 0.00 
X,-_ 0.82 0.62 0.59 0.57 0.54 0.54 0.54 0.56. 0.61 0.63 0.70 0.83 
East 


~~ Xp 0.92 0.72 0.66 0.58 0.53 0.51 0.53 0.56 .0.66 0.74 0.90 1.03 


- 2:5 Radiative heat flux of solar radiation 


Solar radiation absorbed in the atmosphere, according to the compu- 
tation of M. I. Budyko, compensates approximately 43% of the energy 
lost'in the atrmiosphere through emission. The results of computations and~ 
actinometric balloon probings show that the main contribution to the 
absorption of solar radiation in the atmosphere and to outgoing radiation 
comes in the-troposphere. ‘The contribution of the stratosphere to outgoing 
radiation comprises .only.3-6%. The minimum of radiative heating on 
account. of absorption’ of short wavelength radiation in summer in the 
intermediate latitudes may be observed at an altitude of 14-16 km [17]. 
The amounts of. radiative heating on account’ of the absorption of solar 
radiation in the lower troposphere during clear’summer days is close to 
0.06-0.1 deg/h. .In distinct layers the heating may reach 0.2 deg/h. 
These values were obtained by V. G. Kastrov [12], and similarly in 
Leningrad: State University during balloon investigations [17]. “From this 
it-appeared that water vapor and the aerosol component make the greatest, 
and’ almost identical, contribution to the absorption of solar ‘radiation in 
in the lower troposphere. The maximum of radiative heating may be 
observed at altitudes of 2-5 km (Fig. 5.17): Computations on the absorp- 
tion of direct solar radiation, carried out by O. A. Avaste [2], confirm the 
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experimental data. Radiative heating (Fig. 5.17), according to compu- 
tations, possesses a maximum at altitudes of 2-5 km, its values being 
close to those obtained through experiment. : 


Hkm 


On" p.02 0.04 0.07 0 0.02 0.08 0.07 0.10 aT dep 
dt hr 


, Fig. 5.17. Rate of radiative ‘heating for layer of 50 millibars. 

(a) due to absorption in aerosol in summer (I, 2) and in autumn (3); (b) due to 
absorption in water vapor in October (1), in atmospheric gases in July (2);- theoretical values 
of radiative heating: 3—for m=1 and u’=2.1 cm; 4—for m=I and u’ =3.0 cm; 5—for 

m=1.5 and'v’ =2.1 em; 6—for m= 2 and u’=2.1 cm. 7 


The absorption of direct solar radiation in-water vapor and carbon 
dioxide in a layer of 0-20 km depending on the atmospheric. masses is given 
in Fig. 5.18. The amounts of the solar energy absorbed in layers of-0.5 km 
thickness for different masses are given-in Table 5.28. -The ‘compu- 
tations were carried out with the supposition that the density: of water 
vapor decreases exponentially with the height. If water vapor is localized 
at some height in the form of a distinct layer, then the absorption of solar 
radiation can attain a value of 50 mcal/cm?.min-km.. For the case of 
mean standard model of atmosphere (ty (Ay) =0.3; u'=2.1 cm) for mass 
m-~1 in the layer 0-20 km, 12% radiation from solar constant is absorbed. 

Ohring’s [49] computations of the net radiation of the stratosphere 
(12-55 km) showed that the absorption of ultraviolet radiation in ozone 


318 Radiation Characteristics 


* Las’ 


1 2° 3 4 5 mz 
Fig. 5.18. Direct solar radiation in layer 0-20 km depending ‘on atmospheric 
mass m; (considering vertical column of unit mass), 
1—T,=0.2, u’=0.5 cm; 2—T)=0.3, u’=2.1 cm; 3—T,=0.5 u’=3.0 cm; 4—the 
relation f(m,)c=m, (introduced for comparison). , 


and infrared:solar radiation in water vapor intrinsically compensate the 
radiative cooling of the stratosphere on account of longwave radiation. 
Absorption of solar radiation in ozone plays a fundamental role ; it exceeds 
the absorption in water vapor by approximately four times. The 
fundamental ‘conclusion of Ohring’s researches leads to the finding that 
the layer of the atmosphere examined does not lie in a state of radiative 
equilibrium... As‘a rule radiative cooling may be observed in the lower 
half“of the stratosphere whereas radiative cooling comprising magnitudes 
of ‘the order of several: degrees in a day, may be observed in the upper 
stratosphere. Results of computations of vertical profiles of. radiative 
variations in temperatures for the belt of 60-70° N are shown in Fig.5.19. 
In all cases the maximum of radiative heating is situated in the vicinity of 
50:km;-consequently the maximum radiant flux of heat.is situated at this 
level. The variation in the temperature above and below 50 km is 
correspondingly connected with variation in the absorption of ultraviolet 
radiation in ozone. ; ; 
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Fig. 5.19. Vertical distribution of radiative temperature variation 
(deg/24 hrs) in April (a) and October (b). 60-70° N. 
1—on account of radiative heat exchange; 2—on account of absorption of solar 
radiation; 3—total variation in temperature. 


As an instance of variations in the diurnal temperature at the altitude 
of 50 km (5-8°) Johnson showed that the diurnal variation of the absorption 
of solar radiation in ozone is a fundamental factor of diurnal behavior. 
These results bear witness to the fact that the thermal condition of the strato- 
sphere is primarily controlled by radiation but in the lower stratosphere the 
thermal advection, according to computations of Chiu and Greenfield, 
may dominate over radiation factors. 

The thermal condition of the mesosphere can be determined to a large 
extent by the radiation processes. In the lower mesosphere the fundamental 
contribution to the shortwave radiant flux of heat is brought about by 
the absorption of the ultraviolet solar radiation in ozone. The second 
component which strongly absorbs the far ultraviolet radiation of the sun 
is molecular oxygen. According to the data of R. Penndorf, the maximum 
flux of heat due to the absorption of solar radiation in oxygen takes place 
around an altitude of 100 km; moreover, the radiative variation in tempe- 
rature in the layer of absorption maxima can reach a value of 5.5 deg/hr. 
Theoretical investigations of Margetroid and Goody gave a considerably 
lower-value of radiative heating, viz. 10-15 deg/24 h. 

_ The establishment of the existence.of a maximum of radiative heating 
in the vicinity of 80 km is an important result of the theoretical investi- 
gations. From these investigations, it is clearly seen that the vertical 
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Fig. 5.20 Variation in temperature at different altitudes on 
account of absorption of solar radiation (deg/24 h). 
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distribution of shortwave radiative heat flux is similar to the vertical profile 
of temperature. 


The computed meridional éross sections of radiative variations in 


temperature for different layers are given in Fig. 5.20, 
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6. SCATTERED AND REFLECTED RADIATION 


PART |. SCATTERED RADIATION OF THE ATMOSPHERE 


The amount of radiation scattered in the atmosphere depends to 
- varying extents on a large number of astronomical, physical and geographic 
factors. Among these may be included the spectral composition of solar 
radiation, the value of the solar constant, the declination and the hourly 
angle of the sun, the latitude of the location-and: altitude above sea level, 
‘the amount of scattering and absorbing substances in the atmosphere, 
cloudiness and the albedo of the underlying surface. 

Numerous factors determining the quantity of scattered radiation 
change continuously in time and space and make computation- difficult. 
To obtain the most probable value of fluxes of scattered radiation at a 
given time and place, a chain of observations has to be made for the reasons 
enumerated above. 


1. SPECTRAL COMPOSITION OF SCATTERED RADIATION 
The intensity of the scattered radiation depends on the wavelength 


of the incident light and on the number and size of the scattering 
particles. oS sit alan zeae 
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_ In the majority of cases the intensity of scattered radiation increases 
with decreasing wavelength. As the size of the scattering particle increases, 
the intensity of scattered radiation also increases and the maximum in the 
scattered spectrum shifts toward longer wavelengths. 

The results of theoretical computations of the spectral compositions 
of scattered radiation for different scattering media are given in Table 


6.1 [29]. 


Table 6.1 Energy distribution outside the atmosphere in solar spectrum 
(10-* cal/em? + min) and spectral component of scattered radiation 
(10-® cal/em*. min) [22] 


; Arp 
a & 5 a 8 < + 
° ie > F 2 v4 2 
co] S co} So 3 r=) °o 
Sun ° 2.6 11.5 21.8 31.3 35.2 36.0 54.3 
1 cm® of pure dry air 4.4 14.4 21.9 23.5 20.08 16.9 17.2 
~ 100 droplets; ; 
r=0.1 p 0.05 0.27. 0.44 0.54 0.51 0.45 0.52 
25 droplets; 
r=0.5u 0.14 0.78 1.62 1.78. 3.52 3.78 6.41 
5 droplets; 
r=lp 1.0. 4.6 9.2 12.8 14.6 15.1 23.2 
Adu 
¢ 8 8 8 8 8 8 8 
° e re e me 4 3 7 
¢ 2 8 ¢ & 8 @ & 
r—) ° —) So ran) =) r) 3 
Sun 62.6 59.7 54.6 48.4 42.9 35.3 27.1. 21.0 
lem® of pure dry air 13.7 9.3 4.4 2.8 1.8 0.8 0.5 0.2 
100 droplets; . A 
r=0.1 p 0.46 0.36 0.25 0.136 0.09 0.04 60.027 0.015 
. 25 droplets; tae nee eee . 
r=0.5 1 7.65 7.35 6.67 5.48 4.29 3.04 2.11 1.36 
5 droplets; 7 
r=lp 25.6 20.6 14.4 18.6 20.0 18.0 15.8 12.4 


a RES 
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The maximum of scattered radiation in the case of dry, pure air lies 
in the interval 0.34-0.36 and the secondary maximum in the interval 
0.42-0.44 2, 

The curves of spectral distribution of scattered radiation from measure- 
ments in solar almucanthorat for four angular displacements » from the sun, 
viz. at 20, 50, 90 and 180° [23] are shown in Fig. 6.1. The large number 
of peaks in the curves of Fig. 6.1 are primarily the result of the influence 
of Fraunhofer’s absorption bands in the solar spectrum outside the 
atmosphere and in telluric bands, belonging to water and vapor oxygen. 
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Fig. 6.1. Spectral distribution of scattered radiation at different 
positions of solar almucanthorat at h@ =40°. 
Azimuths of points relative to sun are indicated on curves [23]. 


Spectral. components of scattered radiation change noticeably with 
respect to the zenith distance of the sun and angular distance of the observed 
point from the.sun from day to day (see Tables 6.2 and 6.3) [11]. At low 
positions of the sun the spectrum has a maximum which shifts a little toward 
the blue region of the spectrum as the angular displacement from the sun 
increases. The most complete angular dependence of the scattered radiation 
for a clear sky can be seen in Tables 6.4 and6.5 [19]. The point of minimum 
intensity in most cases lies on the side directly opposed to the sun at an 
angular displacement of 85-90° or within the range 70-90°. An increase 
in intensity with increasing zenith distance of the point of observation 
may be observed at constant azimuth along with a decrease in I, with 
the growth of azimuth for observations on the same almucanthorat. 
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Table 6.2 Energy distribution in the spectrum of daytime sky 
on September 2, 1958 [11] 


v 
d nm 

20° 40 60 90 120 180 20 40° 60 . 120 180 

. 9 @ =85.9-84.3° 9 =80.0-77.8° 
418 98 143 4°99 #95 93 — 29.0 23.7 222 20.1 23.6 
422 140 202 140 #125 133 — 33.8 263 242 21.1 27.0 
426 165 203 .143 411.7 122 — 384 284 267 23.1 286 
434 187 235 169 13.8 149 — 365 272 252 221 31.2 
438 158 211 173 122 132 — 362 280 239 215 283 
42 6127 181 136 110 114 — 346 236 22.1 185 24.2 
48 17.7 236 17.7 140 147 — 365 27.1 234 21.0 26.6 
474 288 — 385 208 224 — 445 264 260 236 30.2 
492 974 415 312 230 238 — 433 297 242 219 278 
52h 38.39 462 323 224 22.70 — 38.1 252 198 17.8 22.9 
555 339 .— 29 183 180 — 314 200 147 139 17.3 
584 308 30.7 204 135 130 — 256 15.7 .107 102 48 
662 220 81 153 99 67 — 211 1.7 68 7.5 84 
704 30 — 192 113 -103 — 215 114 57 78 78 

9 @ =73.2-70.8° 9 @ =58.1-56.1° 


418 288 293 206 199 23.1 261 22.1 250 182 91 12.3 
422 272 283 201 195 22.8 25.7 244 24.0 176 9.0 10.7 
426 298 35.7 22.5 20.1 240 21.2 242 240 165 88 10.2 
434 27.9 30.0 318 19.0. 226 258 234 260 173 86 104 
438 274 340 198 21.8 210 242 240 240 157 85 96 
442 25.1 260 188 166 195 216 22.1 220 156 83 95 
448.7265 26.7 194 218 199 215 234 214 145 85 91 
474 28.4 35.7 206 169 202 216 22.7 262 142 80 88 
492 372 25.2 184 15.0 178 210 207 175 M9 72 7.3 
521.234 80 148 119 139 144 174 137 91 54 52 


5 — — -~ —~ -— ~~ 139 102 -64 40 37 
540 eee 4 OS 
662 108 85 51 42 74 #50 86 42 22 20 412 
704 #102 74 44 #42 46 #47 #80 27 — 18 — 


REMARKS: } @—angular distance from the sun. 
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Table 6.3 Energy distribution in the spectrum of daytime sky 


on January 10, 1959 (11) x 
ye 
Ann = oa — ; 
60 90 60 90 60 90 . 
. Io =68 3° _ B@=72 3° 9o=79 6° 
412 38.1 36.0 48.0 45.0 - 9.48. 48.5: 
“414 28.5 32.8 54.6 49.1 74.6 33.3 
“417° 33.0 26.9 - 428 _ 39:7 41.4 25.5" 
421 32.3 29.3 ” 34.5 37.7 - 44.9 25.8 
426 31.0. 27.0 37.8 31.7 33.0 22.1 
429 31.0 "(27.4 36.1 "28.9 30.7 21.0 
433 30.8 26.6 34.4 29.5 35.9 20.2 
441 29.4 25.0 32.5 25.3 22.4 17.8 
445 27.7 22.9 30.8 25.7 25.6 18.8 
450 28.9 24.2 30.4 25:9 258 ~ 166 
459 29.5 22.9 28.7 24.8 25.3 16.9 
468 24.5 19.7 25.2 20.8 20.3 14.2. 
480 22.4 17.7 22.9 18.8 17.7 13.77 
492 19.9 16.5 21.2 17.0 16.1 12.2. 
504 19.5 14.9 18.7 15.0 13.7 10.5 
521 16.6 - 12.7 17.8 13.2 11.3, 9.7 
538 14.7 11.0 15.2 11.9 10.1 8.1 
560° 12.5 9.7 13.2 9.7 6.0 8.0 
582 9.6 ‘79 eet 8.3 6.0 6.9 
607 8.9 5.6 8.5 6.3 3.3 5.3° 
631 5.8 3.8 10.2 6.9 = ae 5.8 


Fig..6.2 illustrates the dependence of the spectral composition: of 
scattered radiation on different atmospheric conditions [92]. Let us turn 
our attention to the brightness minimum caused by absorption bands for 
the following wavelengths, viz. 360, 390, 430, 590 and 650 nm, and the 
maximum in the region of wavelengths 370, 420 and 460 nm. The bands 
essential for the absorption in water vapor (590, 650 and 720 nm) and in 
oxygen (580, 630 and 690 nm) are absent from the spectrum of a clear sky, 
but appear in the case of cloudiness or fog. 
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Table 6.4 Spectral intensity of scattered radiation I) x 10-? W/em!* 
ster at $ @ =60° [19] 


v 
p° 
10 30 50 70 90 110 130 150 170 180 
A=3500 A 
75 205 19 17 152 US 13 13 13 15 13 
60 1.16 1.05 10 092 096 072 0.92 
45 0.96 1.4 1.2 1.08 ' 0.93 085 0.76 0.72 0.7 
30 1.05 1.06 1.05. 0.72 0.6 
A=4000 A 
75 12 98 87 79 7.1 68 66 65 71 6.5. 
60 58 53 50 46 49 39 40 
45 49 73 60 54 47 #42 #39 36 3.2 
30 52 53 52 3.9 3.1 2.8 
A=5000 A 
75 20.5 17 12 ll ll 10 10s 9.5 
60 19 15 9 75 65 6 5 6 7 6 
45 14 10 715 65 #65 6 45 45 
30 85) 7.5 4.5 “! 
A=6000 A : 
75 M1 85 6 7 4 35 4 45 35 4 
60 10 5 ce 2 2 2 4 3 2 
45 75 4 25 2 1S oS SK SS 2 
30 4 3 2 1.5 
. d=7000 A 
75 95 65 4 5 3 25 3 3 25 3 
60 ll 4 2 1 1 1 Ek, 36° Ws: 4 
45 6 3 1 1515 1 1 
30 25 1 1.5 d 
A=8000 A 
75 55 3.5 22 22 15 095 095 15 1.5 
60 2 095 — 075 055 05 07 409 0.5 
45 30 15 1 08 065 — 075 045 1 l 


30 1 0.65 0.7 _— 0.45 
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. Table 6.5 Spectral intensity of scattered radiation [) x10-* W/cm". ster . 
on November 13, 1967, Karakum Desert 8 @ =65° {19) 


¥ 
re . 
10 30 50 70° +90 110 130 150° 170 ~= 180 
A=3500 A 
65 2.0 1.6 13 24 1.6 1.8 1.3 1.9 
60 30 2.5 1.6 1.7 1.3 1.5 1.4 1.6 1.6 17 
45 08 08 13 08 10 O08 07 #4208 08 0.8 
30 0.7 07 07 0.6 06 — 
>A=4000 A 
65 17.9 144 12.1 216 166 17.0 115 17.5 
60 26 93.1 162 162 12.7 140 183 14.7 -16.7 16.2 
45 89 78 123 81 98 84 7:1 7206275 2-747 
30 66 67 6.7 6.5 5.9 4.6 
A=5000 A 
65 52 33 28 21.5 195 20 25 25 
60 455 36 22 19° 125 17 19.5 21 11.5 
45 175 155 13 12.5 10 125 12.5 12.5 
30 122 115 98 
A=6000 A 
65 27 12 80 65 55 60 70 £67 
60 25 15 85 90 30 50 55 65 £465 
45 45 45 40 30 35 50 50 50 
30 40 35 3.0 
A=7000 A 
65 95.5 95 65 50 43 40 55 55 
60 22 13 70 #45 25 43 42 55 
45 30 30 25 30 32 35 35 
30 3.0 2.5 
: A=8000 4- 
65 165 50 27 24 18 18 15. 24 
60 10.5 6.6 1.2 


45 1.2 1.2 
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Energy, relative units 


Fig. 6.2. Spectral distribution of scattered radiation for 
different atmospheric states. 


A, C, E—-continuous dense cloudiness; B, G—dense cumulus clouds; 
D—clear sky; F, H, I—fog [92]. 


The values of fluxes of radiation scattered from the entire hemisphere 
of the sky [19] when it is clear are given in Table 6.6. 


2. ANGULAR DISTRIBUTION OF ' INTENSITY OF 
SCATTERED RADIATION 


The intensity of scattered radiation resulting from the optical 
inhomogeneity of the atmospliere varies within wide limits depending on 
the direction of probe,. i.e. it appears to be considerably anisotropic. The 
properties of the angular distribution of intensity of scattered radiation 
in cloudless atmosphere can be primarily determined by the form of the 
scattering function and the optical thickness of the atmosphere in a given 
direction. Because the scattering functions are prolate, the maximum 
intensity is always observed in the vicinity of the sun. The maximum 
intensity of the-scattered, radiation lies-in a horizontal plane at-an angular: 
displacement of about 90°. The angular distribution of the intensity of 
scattered radiation is symmetrical with respect to the vertical plane in which the 
sun is situated (Fig. 6.3). The energy and light intensities in Fig. 6.3 are 
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Table 6.6 Spectral fluxes of scattered radiation (cal/cm*- min . ;1) at the 
° ground on September 24, 1964,.Odessa [19] 


5.6 2.9 2.1 ‘1.7 1.5 1.5 1.7 2.1 3.0 6.0 


3286 0.02 0.05 0.07 0.09 O11 O11 0.009 007 0.04 0.01 
3533 0.05 0.10 O14 O17 0.20 0.19 0.17 O14 0.09 0.04 
3864 0.11 0.24 0.31 °0.38 O48 0.42 0.34 0.27 0.22 0.13 
4111 0.34 062 078 O88 0.96 088 0.74° 0.62 044 0.24 
4276 0.330 060 0.72 O80 090 084 0.74 060 044 0.25 
4318 0.33 0.58 0.70 0.78 0.86 080 0.68 0.58 042 0.24 
4359 0.36 -060 0.73 0.80 0.88 084 0.73 060 044 0.26 
4606 0.40 0.64 0.76 O86 090 084 0.76 064 048 0.29 
* 4800 042 0.66 O79 088 092 088 0.78 064 049 0.30 
5019 0.32 050 0.58 0.60 062 0.60 0.54 0.46 0.36 0.23 
5432 0.24 O36 042 044 046 044 040 0.28 0.24 0.16 
6010 0.17 0.28 034 035 036 036 0.32- 0.26 O19 O11 
6258 0.12 0.22 028 O30 O31 O28 0.24 022 O16 O11 
6505 0.12 0.22 0.27 0.29 029 O25 0.21 0.18 0.14 0.10 
6758 0.16 023 0.28 -0.29 030 028 0.23 0.18 O14 0.10 
6918 0.10 0.18 0.22 .0.24 0.24 O21 018 O14 O12 0.08. 
7248 0.08 0.13 O17 O18 O19 0.18 O15 0.12 0.09 0.06 
7455 0.10 0.16 O19 0.20 020 O19 O16 0.13 0.10 .0.07 
7620 0.04 0.07 0.09 0.10 O11 0.12 0.09 0.06 - 0.05 0.03 
” 7744 -0.09 0.14 018 O20 0.20 O17 O14 O11 009 0.07 
7991 0.07 0.12 0.16 °0.17° 0.18 O17 0.14 O12 0.10 0.06 
8157 0.06 0.09 0.10 O12 O13 O12 O12 0.09 0.07 0.04 
8569 0.04 O10 O13) 0.14 0.144 0.13 0.12 0.10 0.08 0.05 
8900 0.04 0.08 0.10 O10 O11 0.10 0.10 0.08 0.06 0.04 
9147 0.02 0.05 0.06 .0.08 0.08 008 0.08 0.05 0.04 0.02 
9312 0.03 0.04 0.06 006 006 006 0.06 006 004 0.0! 
9395 0.01 0.02. 0.04 0.04 0.05 0.06 0.05 0.05 0.04. 0.02 
9643 0.02 0.04 0.08 0.06 0.07 0.08 0.08 0.06 0.06 0.03 


given in relative units, the corresponding intensity at the zenith [24] is 


taken as a unit. 

The angular displacement of the region of the maximum intensity 
from the sun varies with respect to solar altitude and wavelength of the 
radiation. It decreases with increasing solar altitude, and grows with 


increasing wavelength [24, 79]. 
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Fig. 6.3. Distribution of relative energy (continuous lines) and light (dotted 
lines) intensities of scattered radiation over the sky, h@=39° [24]. 


The nature of the angular distribution of energy and light intensities 
of scattered radiation correspond generally, but a quantitative correspon- 
dence is not to be observed (see Fig. 6.3). The quantitative differences 
may be caused by changes in the spectral composition of scattered radiation 
with ‘the direction of sighting. 

The energy intensity and radiative intensity may differ considerably 
for many points in the sky (see Table 6.7) [24]. This difference narrows 
down with increasing altitude. For k@> 60° it becomes insignificant. 

A close correspondence between the distributions of energy and light 
intensities of scattered radiation may be observed in the case of continuous 
cloudiness. An azimuthal dependence of scattered radiation on the 
intensity is weakly expressed in the case of a continuous stretch of cloudi- 
ness and a monotonic decrease in intensity may be observed from the zenith 
toward the horizon. 

Extensive theoretical computations on the field of scattered radiation 
for a. clear.atmosphere provide a pattern of the angular. distribution of 
the intensity of scattered radiation similar to that of experimental 
observations [64]. 
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Table 6.7 Relative magnitudes of energy and light intensities of scattered 
radiation in clear atmosphere and h@=25° [24] 


he ye ac cass Light aia! Ib | lp 
30 10 2.25 1.27 1.77 
40 1.37 1.18 1.16 

70 1.12 1.09 1.03 

100 2.75 1.27 2.16 

130 2.37 1.09 2.18 

160 2.50 1.09 2.29 

190 2.75 1.63 1.69 

220 4.00 2.45 1.64 

250 4.75 4.54 1.05 

280 9.75 13.80 0.71 

310 1.87 3.63 0.52 

340 0.62 1.81 0.34 

60 10 0.62 0.90 0.69 
40 0.87 0.90 0.97 

70 1.75 0.90 1.95 

100 2.00 0.90 2.22 

130 2.37 0.90 2.63 

160 2.75 0.90 3.06 

190 3.00 1.09 2.75 

220 3.25 1.63 2.00 

250 3.25 1.81 1.80 

280 3.25 2.18 1.49 

310 - 1.87 1.81 1.03 

340 1.25 1.45 0.86 


90 1.00 1.00 1.00 


Remarks: 4°, )°—angular height and azimuth of point. 


3. FLUX OF SCATTERED RADIATION FROM DISTINCT 
ZONES OF THE SKY 


3.1 Zonal radiation - 
Radiation scattered from the annular segments of the sky, encircled 


by two .almucanthorats, is called the zonal radiation, The amount of 
scattered radiation can be approximately evaluated with the help of data 


340 Radiation Characteristics 


on zonal radiation in those places where the horizon may be more or less 
covered. The zonal distribution for clear and cloudy skies for different 
solar altitudes [22] is given in Table 6.8. The last column of the table 
shows the relative magnitudes of the zonal radiation for isotropically 
scattered radiation. The flux of radiation from the entire sky is.taken as 
a unit in all the cases. The variation in magnitude of zonal radiation 
for a given h@ may be brought about by a variation in the following two 
quantities, viz. area of zone and incident angle of radiation, quantities 
which are related to zenith separation of the zone in a different manner. 
As the zenith distances decrease the area of the zone decreases, and the 
incident angle of radiation on the horizontal surface.also decreases. As 
the zenith angle of the sun decreases the zone of maximum radiation moves 
to the side of lesser zenith distances of Table 6.9. The zonal distribution 
of scattered radiation (in relative units) for a cloudless sky at different 
altitudes of the ‘sun, obtained through observations [44], is given in 
Fig. 6.4. ; 


Table 6.8 Relative zonal distribution of scattered radiation [22] 


Zonal boundaries ~ . Clear Cloudy 
: : Uniformly 
Ng 6 : bright sky 
B, do, fg = 20°30" hg = 16°30 hg =7°30' 

Q 10 0.0294 0.0161 0.0390 0.0301 
10° 20 0.0535 0.0523 0.1307 0.0868 
20 30 0.0878 0.0838 0.1943 0.1330 
30 40 0.1307 0.1235 0.1591 0.1632 
40 50 0.1621 0.1338 0.1375 0.1736 
50 60 0.1779 0.1509 0.1467 0.1632 
60 70 - 0.1715 0.1861 0.1173 0.1330 
70 80 0.1400 0.1798 0.0509 0.0868 
80 82. 0.0162 0.0260 0.0086 0.0108 
82 84 0.0133 0.0204 0.0067 0.0084 
84 86 0.0097 0.0149 0.0050 0.0061 
86 88 0.0059 0.0092 0.0031 0.0037 
88 90 0.0020 0.0032 0.0011 0.0013 


Entire sky 1.0000 : 1.0000 1.0000 ... 1,0000.. 
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. Table 6.9 Fluxes of zonal radiation (10-° cal/em* . min) and the position of 
maximum in the zones with respect to zenith distance of the sun [22) 


vo° 0 30 45 60 75 87 
Smax 47.5 54.0 60.0 64.5 67.5 69.0 
Dz 10.07 9.68 9.44 9.14 7.85 4.03 


20: 40 60 80 z 


Fig. 6.4. Zonal radiation at different solar altitudes. 
1-h@=13.5°; 2R—-h@ =26.5°; 3—A@ =36°; 4A =54.5° [44]. 


The data of fluxes of radiation scattered from separate sections of the 
sky are useful in evaluating the effect of covering the horizon. 

The fluxes of radiation scattered from semi-annular zones of the sky, 
evaluated from data on measurements of angular distribution of intensity of 
scattered radiation (intensity was measured along 37 directions), are given 
in Fig. 6.5. Semi-annular zones are formed by the division of annular 
zones by a vertical plane that contains the solar vertical. The field of 
scattered radiation is considerably nonuniform. The fluxes from the semi- 
annular zone lying on the side of the sun are significantly greater than the 
fluxes from the semi-annular zones situated away from the sun [63]. 

The intensity of scattered radiation is distributed all over the sky 
during continuous stretches of cloudiness (cf. Table 6.10) [44]. The 
average intensity of scattered radiation for a given zone is evaluated from 
the formula as follows : 


Dz, 


_—————————————— = 
2m COS Zgy (COS Zj{;1—COS 2) . 


(6.1) 
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190 20030 40 50 GO", 


Fig. 6.5. Fluxes of radiation scattered by semf-annular zones. 
1—zone 0-28°; 2—zone 28-52°; 3—zone 52-78°; continuous lines—semi-annular 
rings in the vicinity of the sun; dotted lines—semi-annular rings away from the sun. 


’ Table 6.10 Mean values of zonal radiation D, and scattered radiation, 
intensity T at the time of a continuous stretch of clouds at a lower level 
(in relative units) [44] 


Zone, deg 0-10° 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 
Dz 35 95 145 165 180 160 125 6.5 3.0 
Tt 23 22 22. 20 21 20 19 15 20 


The amount of. flux for an isotropically scattered radiation on 
account of annular zone at an altitude ‘h’ from the horizon can be expre- 
ssed by the formula [5] : 


D,=n I sin? h, (6.2) 


where Jis intensity of scattered radiation (it is identical along all azimuthal 
directions in the present case). Since the flux from the entire sky equals 
nl for isotropically scattered radiation it is possible to write D,=D sin? kh. 

' In the case of isotropic approximation the amount of radiation 
flux due to scattering from an annular ring, bounded by two almucan- 
tnorats with angular elevations ofA, and’ #,, canbe evaluated from’ the 

_ following formula, viz. : 


D,=D (sin® ha—sin® h,). (6.3) 
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3.2 Radiation in the vicinity of the sun 


The scattered radiation of the zones in the vicinity of the sun (aureole 
near the sun) depends to a great extent on atmospheric transparency and 
thus may be considered to be an important characteristic of transparency. 

The scattered radiation of the annular zones in the vicinity of the 
sun, possessing an angular halfwidth of about 2°, comprises approximately 
1% of the direct solar radiation under average conditions of atmospheric 
transparency (Table 6.11). As the area of annular zones in the neighbor- 
hood. of the sun enlarges according to its distance from the sun, and the 
ratio D/S changes a little, it is obvious that the intensity of radiation in 
the vicinity of the sun decreases in accordance with its distance from 
thesun. Toa first approximation this distance can be considered exponen- 
tial [23]. , 


Table 6.11 Relative magnitudes of radiation in the vicinity of the sun (22] 


zone —Aengtzone, ‘ition shane Haltwidh of Dy, 
center of solar disc 
I 17.49 27.5'-4%9.25! 1°47’ 0.99 
II 31.92 1°43.1'-5°25.6' 155 0.71 
Ul 44.71 3°3.9'-6°50.6", 155 0.70 
IV 56.33 4°34.4/-8°15’ 150 1.12 


Clouds, especially of the cirrocumulus and high cumulus types, 
considerably increase the scattered radiation in the zonal regions near the 
sun. In this case radiation in the vicinity of the sun comprises up to 15% 
direct solar radiation. 

It is necessary to carry out measurements on direct solar radiation 
in the presence of clouds around the sun with extreme caution. One must 
take into-consideration the scattered radiation near the sun during measure- 
ments on direct solar radiation employing a pyrheliometer or an actino- 
meter. : 

The relative intensity of radiation near the sun incident on an 
actinometer can be evaluated from the following formulas [78], viz: 
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1 
n= 6 cos ho Awem (6.4) 


where oa —coefficient of brightness of the sky 
m —atmospheric mass 
ho —solar altitude 
< —optical thickness of atmosphere 
4o—solid angle of the actinometer. 
In the case of Yanishevskii’s thermoelectric actinometer 4 w=2.39 x 1072, 


Results of computations using formula 6.4 for the wavelength 
A=0.55 yw at different solar altitudes and albedo values of the underlying 
surface A are given in Table 6.12. 


Table 6.12 Relative intensity of radiation near the sun 
under standard conditions [78] 


0 O53 0.54 O55. 055 056 057 0.57 0.58 0.59 0.60 0.60 
50 4600.84 «€©60.85) «60.86 S(0.87)si0.8B C.D. 891 = 0.92si0.93Ss«. 94 
60 1.07 1.08 1.09 1.10 LIP 1.12 1.13 1.14 115 1.16 1.18 
70 #156 157 1.58 1.60 1.61 162- 1.63 165: 1.66 1.68 41.69 
80 3.60 362 3.64 366 366 368 3.68 3.70 3.72 3.74 3.80 


4, VERTICAL PROFILE OF THE FLUX OF 
SCATTERED RADIATION 


The flux of scattered radiation in a clear sky decreases with the 
altitude above the ground. As the altitude rises above the sea level there 
occurs a decrease in the. thickness of the atmospheric layer and, subse- 
quently, a decrease in the number of scattering particles. 

Observations made over the Kyzyl-Kum Desert show that in the layer 
between 0.5 and 1.5 km the scattered radiation decreases almost directly 
‘in proportion to the pressure. On account of a rapid decrease in the amount 
_ of dust the scattered radiation reduces much faster [62]. . 5 
. The variation in the flux of scattered radiation with height is 
illustrated by data of Table 6.13, obtained through measurements from an 
airplane over Tashkent. The most noticeable variation in the flux of 
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scattered radiation may be observed in the layer 1-4.km throughout the 
year. The mean values of the fluxes of scattered radiation over the 
seasons of the year are given in this table. 


Table 6.13 Fluxes of scattered radiation at different heights 
(cal/cm* . min) at actual midday [62] 


Hkm Winter Spring Summer . Autumn 
0.4 0.148 0.200 0.170 0.178 
0.8 0.146 0.199 0.169 0.175 
1.3 0.138 0.176 0.162 0.158 
2.3 0.125 0.154 0.131 0.138 
3.4 0.115 0.129 0.086 0.114 
4.4 0.108. 0.111 0.058 0.098 
5.5 0.101 0.094 “0.031 0.081 
6.7 0.093 0.080 apes a 


The experimental profiles obtained through aerostatic [43] and air- 
plane [35] probings are almost identical (Fig. 6.6). The most noticeable 
discrepancy exists between theoretical [46] and average experimental 
profiles in the layer 2-7 cm. A low gradient D may be observed in the 
layer from 3 to 6 km which is comparatively transparent and stable. 
Larger gradients D (in absolute magnitude) lie in the layer between 6 and 
8 km, as a result of which this layer possesses high turbidity. 

The results of theoretical computations show an exponential decrease 
with height in the flux of scattered radiation with a maximum gradient 
occurring in the lower layer of 3 km [46, 71, 72]. 

The greatest variation in the flux of scattered radiation occurs 

- in the layer 0-3 km for low zenith angles of the sun. 

There exists an almost linear decrease in the flux of scattered 
radiation from the height of 4-5 km. The scattered flux becomes-practically 
negligible at 19-20 km. 


5. SCATTERED RADIATION ON A HORIZONTAL SURFACE 
5.1 Cloudless atmosphere 
The flux of scattered radiation grows monotonically (cf. Table 6.14) 


with increasing solar altitude under stationary conditions of the atmosphere 
and the underlying surface, whereas the gradient dD/dh@ decreases. 
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Similarly the fluxes of scattered radiation for different ranges of 
the spectrum decrease with rising solar altitude (cf. Table 6.15, where 
results of theoretical computations for ideal atmosphere [22] have been 


introduced). 


dkm 


0.1 0.2 
Deal/cm?.min 


Fig. 6.6. Vertical profiles of scattered radiation from 
_balloon investigations [43]. be, WMS skinny catch 


1—July 1964, ie =23-38°, clear; 2—July 1964, k@ =20-37°, clear;-3—October 1964, 
h@=23°, St. 10/10; 4—October 1964, h@ =26°, clear; 5—computed profile, h@o= 
26.5°, grass [43]; 6—mean experimental profile over four profiles. 
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Table 6.14 Mean values of scattered radiation in a clear sky (cal/em* + min) [8] 


hs 5 10 15 20 25 30 35 40 45 50 55 60 65 
D 0.05 0.07 0.10 0.11 0.13 0.14 0.15 0.16 0.17 0.17 0.18 0.19 0.19 


Table 6.15 Fluxes of scattered radiation D,%, in different ranges of the spectrum 
depending on the zenith separation of sun (with respect to fluxes at }@ =0°) [22] 


Dr%, 

3 Entire 

10} : spectrum 

4<0.4 p 0.4 p<i<0.6 p 0.6 p<r<0.9 p 

0 100 100 100 100 
15 97.0 99.7 99.8 99.0 
30 92.5 97.5 98.9 96.5 
45 82.8 94.2 97.9 92.0 
60 66.9 88.5 95.7 84.5 
75 39.4 75.4 90.8 69.3 

_ 87 8.0 34.6 63.3 37.4 


The flux of scattered radiation increases at all solar altitudes (Fig. 
6.7) with decreasing atmospheric transparency. At higher altitudes 


of the sun the scattered radiation increases more rapidly with an increase 
in the turbidity factor [8, 48]. 


Docal/em? . min 


Ag=41.7° 
0.2 2 
30-0 
19.3 
14.3 
0.41 : 
11,3 


1 2 3 & 5 T 


Fig. 6.7, The relation of the flux of scattered radiation to the 
turbidity factor for clear atmosphere [8]. 
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The nature of the dependence of the scattering radiation flux on 
the turbidity factor varies according to the relationship between the scatter- 
ing and the absorption coefficients. The flux of scattered radiation 
decreases with an increase in the absorption coefficient at constant coefficient 
of scattering, whereas it increases with an increase in scattering coefficient 
at constant coefficient of absorption [8]. |. 

The scattered radiation increases with the albedo of the underlying 
surface, especially in the presence of a snow cover. The effect of the 

_albedo of the underlying surface becomes stronger in accordance with the 
increase in altitude of the sun (Fig. 6.8). Similarly it follows from 
theoretical computations [59] that the flux of scattered radiation 
increases linearly with an increase in albedo at all altitudes of the sun. 
From the data in Table 6.16 [67] it is possible to obtain an idea of the 
influence of the albedo of snow on the magnitude of scattered radiation. 


Decalfcm2, min 


0.2 0.4 0.6 0.8 LOA 


Fig. 6.8. The relation between flux of scattered radiation 
and albedo of the surface [8]. 


Table 6.16 Influence of albedo of snow on the magnitude of scattered radiation 
in clear sky in Central Arctic (cal/em?. min) [67] 


eS 
Solar altitude, deg 


Mean values 
Snow covered Feb-Apr 0.03 0.06 0.10 0.14 0.16 0.18 0.18 
No snow Jun-Aug — 0.06 0.08 0.12 0.14 0.14 0.16 


a ’-Maximum values’ 
Snow covered Mar-Jun ’ 0.05 0.12 0.20 0.28 0.28 0.30 — 
No snow Jul-Aug 0.05 0.06 0.18 0.22 0.23 0.24 — 


re SD 
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5.2 Scattered radiation in cloudy atmosphere 


The presence of clouds in the atmosphere sharply increases the 
flux of scattered radiation. The amount of scattered radiation flux in 
a cloudy sky depends on the quantity and form of the clouds as well as on 
the altitude of the sun, atmospheric transparency and the albedo of under- 
lying surface. Similarly, the distribution of clouds over the sky and their 
location relative to the sun influences the flux. The variation in scattered 
radiation is noticeably reduced when the solar disc is covered by comparison 
with the presence of direct solar radiation. The scattered radiation 
increases with rising solar altitude for varying cloudiness ; moreover, this 
increase becomes more noticeable as the amount of cloudiness increases 
(Table 6.17) [69]. The scattered radiation increases monotonically with 
increasing cloudiness in the upper layers. The most intense rise in 
scattered radiation may be observed with cloud cover of more than 6 on a 
10-point scale. Radiation reaches a maximum at cloudiness of 6 tenths 
in the lower and intermediate layers. Scattered radiation increases for 
cloudiness rising to 7 tenths with clouds having vertical development at a 
given solar altitude. . However, it decreases with further increase in 
cloudiness. For continuous cloudiness of Cu and Cb types, scattered 
radiation is less than that for a cloudless sky. 


‘Table 6.17 Fluxes of scattered radiation (cal/cm? - min) for different 
solar altitudes and cloudiness 7 =60° N [69] 


Altitude of the sun, deg 


Cloudiness, 
tenths 1" (=) s) 2) wo o rR) [-) Te) 
= en gy oy © 9 + + " 7) 
Or SES. ae Oe ee ee ee ee 
Gi, Cs, Cc 
| 0.07 0.08 010° 0.12 O13 O15 O17 O18 0.18 0.18 
2 0.08 0.09 0.10 0.13 0.13 O14 O17 0.17 0.18 0.18 
3 0.08 0.10 0.10 O15 0.17 O17 018 O18 0.19 0.20 
4 0.05 0.12 013 O15 0.16 0.17 018 018 0.19 0.20 
5 0.06 0.12 O12 0.13 0.15 O17 0.18 O18 0.19 0.20 
6 0.06 0.12 0.12 “012 O15 0.17 O18 0.18 
7 0.06 0.11 0.12 O16 O16 0.19 021 022 0.23 
8 0.06 0.10 0.10 0.14 0.15 0.19 020 0.24 0.24 
9 0.06 0.09 0.12. 0.13 0.16 - 0.16 0.18 0.27 
10 0.09 0.13 O15 O16 0.16 O19 0.22 024 026 0.28 
10 0.09 O14 0.16 0.18 0.20 023 0.27 0.30 
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1 0.06 
2 0.07 
3 
4 0.05 
5 
6 0.06 
7 0.10 
8 0.10 
9 0.06 

10 0.07 

10 0.10 
1 0.06 
2 0.06 - 
3 0.06 
4 0.05 
5 
6 , 

7 0.05 
8 0.06 
9 0.06 

10 0.04 
1 0.08 
2 
3 
4 
5 
6 
7 

8 0.10 
9: 

10 


0.08 
0.11 
0.09 
0.12 
0.12 
0.10 
0.10 
0.12 
0.13 
0.16 
0.12 


0.08 
0.06 
0.08 


0.12 


0.16 
0.18 
0.06 


0.13 
0.10 
0.10 
0.07 
0.08 
0.05 
0.06 
0.10 
0.11 
0.05 


0.10 
0.13 
0.14 
0.14 
0.15 
0.16 
0.18 
0.18 
0.16 
0.23 

0.18 


0.11 
0.17 


0.14 . 


0.15 


0.15 
0.18 
0.18 


0.10 


0.11 


0.12 
0.12 
0.14 
0.16 
0.10 


Table 6.17—Contd. 


0.11 
0.16 
0.20 
0.16 
0.18 
0.20 
0.22 
0.22 
0.20 
0.22 
0.18 


0.12 
0.17 
0.14 
0.20 


0.22 
0.22 
0.21 
0.21 
0.10 


0.15 


0.15. 


0.16 
0.16 


0.22 
0.13 
0.13 


As, Ac 
0.14 
0.17 
0.21 


0.19 
0.22 
0.24 
0.20 
0.22 
0.28 
0.22 

Cu, Cb 
0.12 
0.16 
0.16 


0.17 


0.26 


0.26 
0.30 
0.27 
0.10 
Sc 


0.19 
0.19 
0.22 
0.22 


0.21 
0.18 


0.16 
0.19 


0.22 
0.26 
0.30 
0.25 
0.25 
0.32 


0.16 
0.18 
0.23 


. 0.19 


0.23 
0.27 
0.27 
0.32 
0.31 
0.07 


0.22 


0.18 
0.20 
0.20 
0.25 
0.24 
0.28 
0.32 
0.26 
0.27 


0.16 
0.18 
0.22 
0.22 
0.27 
0.28 
0.28 
0.34 
0.33 
0.07 


0.24 


0.20 
0.22 


0.25 
0.25 


0.32 
0.26 
0.26 


0.17 
0.21 
0.23 
0.24 
0.29 
0.33 
0.35 
0.35 
0.34 
0.12 


0.22 


0.21 


0.34 
0.36 


0.18 
0.21 
0.23 
0.26 
0.31 
0.37 
0.36 
0.36 
0.35 
0.12 


0.22 


0.20 


0.38 
0.40 


0.19 
0.22 
0.24 
0.27 


0.42 
0.42 
0.38 
0.36 
0.15 


0.24 


Investigations on the influence of distinct forms of clouds showed 
that an increase in cloudiness up to the value ]10| Jeads to an increase in 
scattered radiation [12] for any cloud formation and any state of the solar 
disc. Only in the case of the densest Cb does an increase in cloudiness 
from 8-9 to 10 tenths not result in a growth in scattered radiation. Scat- 
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tered radiation decreases especially strongly for Sc and Cb upon the 
disappearance of transillumination in clouds. 

The flux of scattered radiation is less in case of any cloud formation 
completely covering the sun than in the case of moderate brightness of the 
sun (i.e. translucent sun through clouds imparting a distinct shadow 
to objects). 

There is a practically linear dependence of the scattered radiation 
flux on solar. altitude for different types of cloud [8, 50, 69]. In the 
Arctic, the main portion of the radiant energy arrives in fractions of scat- 
tered radiation because of the peculiar conditions of cloudiness and 
underlying surface. In comparison with the scattered radiation of a clear 
sky, the scattered radiation flux doubles for continuous stretches of cloudi- 
ness in the upper layer and a snow cover. The highest value of radiation 
fluxes may be observed for clouds in the intermediate and lower layers [68]. 


5.3 Daily variations and daily aggregates of 
scattered radiation 


The daily variation of scattered radiation in a clear sky is primarily 
brought about by the change in altitude of the sun. The maximum of 
scattered radiation may be observed around midday. The daily variation 
of D is often asymmetrical with respect to midday because of the decrease 
in atmospheric transparency in the post midday period. The data in 
Table 6.14 serve as an illustration of the daily variation of scattered 
radiation in a clear sky. 

The diurnal -variation of scattered radiation is very complex and 
irregular under conditions of variable cloudiness. The variation in the 
flux of scattered radiation for a continuous stretch of cloudiness can be 


D cal/em? |hr 
16 


12 


Fig. 6.9. Diurnal variation of scattered radiation. 
1—continuous cloudiness; 2—variable.cloudiness; 3—clear-sky [69]. 
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determined mainly by the variation in the solar altitude, and the daily. 
course attains a maximum around midday (Fig. 6.9) [69]. 
It is possible to form an idea of the mean daily course of scattered 
radiation from the hourly amounts (Table 6.18) [69]. 
Table 6.18 Hourly amounts (cal/cm? . min) of scattered radiation 
(average over 1950-1960); 7=60° N [69] 


Hours 

Bre henna Se i E 
FE: ork ste en e22en8 
=> - eS FSR sSa tet ust eags 
Jan 2 3 5 5 3 2 9 
Feb 1 3 6 9 10 10 8-6 3 #1 12 
Mar 2 5 9 Il 14 16 15 14 It 5 2 |. 16 
Apr 2 5-9 12 14 16 18 18 17 15 12 9 5 2 38 
May 3 6 9 12 15 17. 19 19 19 18 16.14 12 9 5 3 1 41 
Jun 2 5 8-10 13 16 18 21 22 21 21 19 16 13 11 7 4 2 43 
Jul. 1 4 7 10 13 16 18 19 20 20 20 17 15 12 10 7 4 1 41 
Aug 1 4 10 13 15 17 19 18 17 #16 13:10 7 4 =I 36 
Sept 1 3 6 9 12 14 15 15 13 11 9 5 2 22 
Oct 14 68 9 8 7 6 3 #1 16 
Nov 1 2 4 5 5 4. 2 #1 10 
Dec | ey a a a” Se | 8 


The diurnal variation of scattered radiation in winter is expressed 
more sharply in the northern latitudes where the amount may be distributed 
over a considerably smaller number of hours. The diurnal amounts show 
an annual as well as a latitudinal variation (Table 6.19). 


Table 6.19 Diurnal amounts of scattered radiation (cal/em’. min) for recordings 
averaged over 1950-1960 [69] 


Amounts of & ~ bo 2 Pe > 

mite 28 SS ee 8 Oe 
Mean 20 57 #113. 154 197 229 214 172 115 53 24 12 
Minimum 24 70 153 189 245 364 232 181 143 62 32 15 


Maximum 18 35 87 129 178 207° 200° 158 96 44 16 8 
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The diurnal amounts of scattered radiation differ considerably from 
the average over many years on particular days. For instance, in Karadag 
the maximum daily amounts may exceed the minimum by more than 20 
times [8]. 

Latitudinal variation in diurnal amounts of scattered radiation is 
different at different times of the.year. The diurnal amounts of scattered 
radiation in the South are considerably larger than in the North during 
winter. The difference between diurnal amounts in the South and in the 
North is reduced on account of the prolonged day during summer. 


5.4 Monthly amounts and annual course of 
scattered radiation 


The monthly amounts of scattered radiation can be determined by 
the altitude of the sun, by the cloud cover, albedo of the surface and 
the length of the day. The mean values of monthly amounts of scattered 
radiation for recordings registered over many years are given in Table 
6.20 [8]. Similarly, the midday altitude Apoon of the sun, the length 
of the day on the 15th of the month ¢ and the mean monthly total cloud 
cover n are given in the Table. As a result of the effect of cloudiness, 
the month of the maximum amount does not coincide with the month of 
the maximum altitude of the sun, but is shifted to the neighboring months, 
viz. May and July. A distinct relation between the monthly amounts 
and mean monthly degree of cloudiness was not observed. Evidently 
the quantity of overall cloudiness expressed in tenths does not fully charac- 
terize the scattering power of clouds of different forms. 

The annual variation in the flux of scattered radiation, corresponding 
to a specific time, depends mainly on the variation in solar altitude, 
transparency and cloud cover. 

A large amount of scattered radiation in the Arctic region is brought 
about by a marked cloudiness during summer and by the high reflectivity 
of the underlying surface which is covered with snow and ice for the 
greater part of the year. 


5.5 Contribution of scattered radiation 
to total radiation 


Scattered radiation comprises an important part of the shortwave 
balance, especially for varying cloudiness and during winter. .On an 
average the scattered radiation may represent up to 50% of the entire 
amount. The contribution of scattered radiation depends on the solar 
altitude, turbidity in the atmosphere and: cloudiness. The portion of 
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scattered radiation decreases as the solar altitude increases. Scattered 
radiation decreases at constant solar altitude when atmospheric trans- 
parency increases (direct solar radiation increases in that case). The 
ratio D/Q increases with decreasing solar altitude and rising turbidity. 
in the atmosphere and correspondingly S’/Q also decreases (S’, D and Q 
are the fluxes due to direct solar radiation, scattered and total radiation 
respectively on a horizontal surface). The appearance of cloudiness raises 
the ratio D/Q which is unity under continuous cloud cover. 

The influence of solar altitude and cloudiness appears in the value 
of the ratio of the monthly amount of radiation to the total radiation 
(Table 6.21) [69]. During the winter months scattered radiation comprises 
the main portion of the shortwave radiation received. 


Table 6.21 Ratio of monthly amounts of scattered radiation to 
monthly amounts of total radiation [69] 


Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 


0.82 0.71 0.47 0.47 0.44 0.43 0.44 0.52 0.56 0.72 0.78 0.86 0.69 


PART I!. REFLECTED RADIATION OF THE ATMOSPHERE 


6. ANGULAR DISTRIBUTION OF INTENSITY OF 
REFLECTED RADIATION 


, 


The intensity of reflected radiation can be determined by the 
quantity of radiative energy included in a unit interval of wavelerigth 
and in a unit solid angle, passing in a unit time through a unit cross- 
sectional area situated perpendicular to the direction of reflection. 

The ratio of the intensity of radiation reflected from the surface 
examined to the intensity of radiation reflected from an absolutely 
white surface under similar conditions of illumination (corresponding to 
Lambert’s law) is known as the luminosity coefficient. The coefficient 
of luminosity is equal to the albedo for an orthotropic surface (correspon- 
ding to Lambert’s law), whereas these values differ for all other surfaces. - 

The angular distribution of intensity of reflected radiation depends 
on the physical properties and the conditions of the reflecting surface, 
as well as on the conditions of surface irradiation of the incident radiation. 
The solar altitude and cloudiness determine the conditions of irradiation. 

Thus, the intensity of reflected radiation for a given surface is 
a function of three angles ; viz. the angle of incidence of the incident 
radiation, the angle of reflection and the difference between the azimuthal 
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angles of the directions of incident and reflected radiation. As a rule this 
function may be represented by means of a vector diagram which is known 
as the reflection phase function. 

In accordance with V. V. Sharonov’s classification [70] the reflection 
indicatrices for natural surfaces in all their variations may be divided into 
the following four types : 

type A—orthotropic phase functions, approximately corresponding 
to the condition /,=const (/,—intensity of reflected radiation) ; 

type B—phase ftinctions extending in the direction of mirror-reflection 
of the ray ; , 

type C—phase functions extending in the direction of light sources, 
characteristic for surfaces which are very roughly cut ; and 

type D—composite phase functions, characterizing the existence of 
two maxima ; one in the direction of reflected ray and the other in the 
direction of source of light. 


6.1 Angular distribution of integrated intensity 
of reflected radiation 


~ 


For the majority of natural surfaces the characteristic feature of the 
spatial distribution of the intensity of reflected radiation in a clear 
.atmosphere is the symmetry with respect to the plane containing the solar 
vertical. The maximum reflected intensity lies on the side of the projection 
of the sun in the horizontal plane, i. e. in the direction of the reflected 
ray, whereas the minimum lies on the opposite side (Fig. 6.10). The 
isolines in Fig. 6.10 are given in relative units, with the intensity of reflection 
at nadir [26] being accepted as unity. The projection of the sun in the 
horizontal plane is marked by a circle. The detailed angular distribution 
of intensity of reflected radiation has been examined for snow covered by 
an ice crust, and for several vegetative covers (wheat, barley, Sudan grass). 

The nature of the spatial distribution of intensity of reflected radiation 
remains the same during partial cloudiness not obscuring the sun as well 
as for a clear sky. 

Isolines of reflected radiation can be approximately represented by 
concentric’circles with the center at the nadir in case of continuous dense 
cloudiness, with the intensity of reflected radiation increasing from the 
lowest point toward the horizon. 

’ For a clear sky a snow covering has a clearly expressed mirror reflec- 
tion ; a barley surface and Sudan grass -have a similar noticeable mirror 
component (Fig. 6.11 a, b, c) [26]. 

There is a decrease in the stretching of the reflected phase function 
with increasing solar altitude. 
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Fig. 6.10. Angular distribution of intensity of radiation from snow covered 
by an ice crust. No clouds, h@ =18.5° [26]. 


It is possible to consider a snow cover among surfaces of type b 
according to Sharanov’s classification. 

The reflection phase functions from barley and Sudan grass for 
h@ <45° are stretched in the direction of the reflected ray and in the direction 
of the source of light. Reflection phase functions from stubble barley are 
sharply extended.in the direction of incident rays from the sun (Fig. 6.11, c). 
These vegetative covers relate to type D according to Sharanov’s classi- 
fication. : 

Reflection phase functions for different surfaces obtained from 
experimental data [83, 93, 98] are given in Tables 6.22-6.24 (the order of 
position of surfaces has been altered in the tables used). 

Reflection coefficients for different nadir angles in the plane of the 
solar vertical at different solar altitudes are given in these tables. 

Laboratory investigations on snow surfaces, [101] confirm the presence 
of reflection at all angles of incidence on the surface. As the angle of 
incidence increases the reflected component also increases. Snow covered 
with ice crust shows the highest mirror quality. 
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Fig. 6.11. Reflection phase functions in the plane of solar vertical 
at different solar altitudes. 


a—snow : covered by ice crust (1), dry (2); b—green barley; c—stubble of barley [26]. 


6.2 . Spectral characteristics of reflected radiation 


The spectral coefficients of brightness for snow cover and meadow 
are given in Table 6.25 [34]. For a’‘meadow surface the greatest luminosity 
can be observed at 180°, the least at 0°. As the solar altitude increases 
the variability of coefficients of brightness weakens along these directions. 
For a snow cover with frozen crust at all azimuths other than ¥=0°, the 
spectral coefficients of luminosity are almost identical. At y=0° the 
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coefficients of brightness rise sharply at low angles, i.e. mirror reflection 
may be observed. 


The greatest luminosity may be observed at $=0° for sand, and at 
= 180° for black clay [91]. 

The angular distribution of coefficients of luminosity is identical for 
all ranges of the spectrum in its general features. 

The spectral coefficient of luminosity increases with increasing wave- 
lengths for grass surfaces, sand and corrugated slate for continuous cloud 
cover and for variable cloud [33]. In most cases the form of the reflection 
phase function does not depend on the wavelength. For partial cloudiness 
when the underlying surface bears the shadow of clouds, the coefficient 
of brightness has a very high variability. 


6.3 Measurements of reflection characteristics 
from an airplane 


The intensity of reflected radiation, measured from different heights 
above the surface, depends on the reflection properties of the underlying 
layer and on the optical properties of the atmospheric layer lying between 
the ground and the level at which measurements are made (i.e. upon the 
emission of fog). The angular distribution of intensity of radiation reflected 
at different levels can be determined from the relation between reflection 
from the underlying surface and emission through fog. 

The integrated coefficients of brightness for specific geographic 
regions and several forms of cloudiness, obtained by measurements from an 
airplane [32], vary within considerable limits (Tables 6.26 and 6.27). 


Table 6.26 Limits of variation in coefficients of brightness for 
several geographic zones of the Soviet Union [32] 


Zonal characteristics r% 
Forest region 10-38 
Forest steppes 11-25 
Steppes : 

Don 10-31 

Crimea 12-25 
Volgograd 10-34 
Semidesert (12-25 

" Water surface 26-38 


1-4 
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Table 6.27 Limits of variation of brightness coefficient 
for several types of cloud [32] 


Form of cloud r %, 
Cu hum. 15-80 © 
Cu med. 2-45 
Cu fr. 10-20 
Sc op. 20-60 
Sc trans. 5-30 
Ac trans. (8-15 


Airplane measurements of the integrated coefficient of brightness of 
. sandy desert with dunes indicate a wide variation in the angular dependence 
of the luminosity coefficient, which is caused by the nonuniformity of the 
underlying surface (sand dunes, solonchak, haloxylon) (Table 6.28) [14]. 

Measurement of the angular distribution of intensity of reflected 
radiation with an automatic balloon showed that with a clear atmosphere 
and albedo of the surface of about 0.20 the total intensity of radiation 
reflected from the underlying surface and the atmospheric layer rises with 
an increase in the sighting angle. A sharp increase in the intensity starts 
at approximately 60° [13]. 

Airplane measurements of reflection characteristics from a homoge- 
neous sandy surface with sparse vegetation showed that the brightness 
increases noticeably in the direction of the sun, as observed in the case of © 
dug-up surfaces [31]. The nature of the reflection from uniform sandy 
surface depends only slightly on the wavelength of the incident radiation. 
In the direction perpendicular to the solar vertical, reflection from this 
surface approximates to that due to Lambert’s law. Measurements of the 
reflection phase function from sand dunes in the Kara-Kum desert showed 
that reflection is anisotropic to a considerable extent [31]. The deviation 
from Lambert’s law increases with an increase in the zenith separation 
of the sun ; moreover, mirror reflection and back reflection aay also be 
observed. 

The brightness coefficient of cists in the plane of the solar vertical 
approaches that of Lambert within the angular limits +30°. Considerable 
deviations from Lambert’s law may be observed with increase in the angle 

“of sighting, especially for large zenith distances from the sun. 

The intensity of reflection does not vary monotonically for continuous 

cloud cover. Measurements in the plane of the solar vertical show that 
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ithe intensity of reflected radiation increases in n the direction of the reflected 
ray. = The intensity is distributed equally along all other directions. 

' Measurement of the intensity of radiation reflected from snow and 
«clouds from a height of 1-4 km showed that in- the interval 0.3-1.1 # 
‘snow. is, brighter than cloudiness of lower and intermediate layers [66], 
whereas clouds are brighter than snow,in the. interval 1.4-2.5 gz. - A. slight 
_ lessening: of thé contrasts*at greater altitude has been - observed , for all 
spectral: intervals, more noticeably so in the shortwave range. - Fog plays 
‘a fundamental role in -the value of intensity of reflected radiation in-the 
interval. LA: 2.5 4. The values of flux of radiation reflected from snow 
“and fog at the level of 3 km at 6=60°, <=0. 3 anda meteorological -visual 
range D,=10 km [66] are sven in Table 6.29. The flux. of radiation 
reflected from snow in the vicinity, of overlapping absorption bands is 
several times less than flux from fog. 


Table 6.29 Fluxes of radiation reflected from snow and fog 
ata height of 3 km (cal/cm? . min) [66] 


yy x ‘Snow | Fog 
1.38-1.50 0.20% 10-3 0.34 x 10-8 
1.50-1.53 0.04 ee: 0.09 
1,70:1.92  ~ : 0.35 7% 0.39 


1.92-2.08 : 0.04 0.18 


_ Similarly, the theoretical computation of ‘the angular distribution 
of. intensity of reflected radiation for typical underlying surfaces shows 
an inherent anisotropy in the field of reflected radiation [47]. The 
intensity of-radiation due to fog is essentially anisotropic. and increases 
with height. above the.surface’ and with: greater albedo of the underlying 
surface. With increasing zenith separation of the sun at large angles 
the-‘intensity.‘of radiation of fog B,.increases over surfaces with low 
albedo values (water and grass) and decreases over surfaces with large 
albedo values (sriow).. A reverse course is observed for thé underlying 
layers. As the height. above the ground increases at large angles of 
sighting the _intensity’ of reflected radiation B, decreases for all marked 
surfaces. The intensity of radiation reflected over snow and grass decreases 
at: all levels with an increase inthe zenith angle of the sun.. Over water 
the intensity of reflected radiation decreases with a rise in #@ starting from 
I@<40°, whereas for F@ > 40° the intensity increases a little. The angular 
structure of the field of-reflected radiation depends ‘on the relation between 
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the magnitudes B, and B,. B, increases with , at low albedo values, and 
B, rises with increasing albedo, especially at low 6, so that the character- 
istic angular dependence of intensity of reflection for fog is smooth. 

An analysis of the relation between intensity of reflected radiation 
(B=8,+8,) and total flux R provides an idea of the conformity of the 
earth-atmosphere system with Lambert’s law (see Table 6.30). The 
greatest deviation -from isotropic reflection (n=0.32) is obtained for 
6=85° (@—nadir angle) and #,=80°. As the zenith distance of the 
sun increases the deviation from Lambertosity decreases with increasing 
altitude. For low %@ the deviation from isotropy decreases, for large 3@ 
it increases [47]. 


Table 6.30 eet) Ifster [47] 


Nadir angle, deg 


6 jS Surface Hkm 
. 0 20 40 60 85 
Water 0 0.34 0.34 0.34 0.34 0.34 
1 0.27 0.28 0.29 0.35 0.97 
3 0.27 0.28 0.29 0.36 0.87 
10 0.28 0.28 0.30 0.36 0.77 
20 Grass 0 0.40 0.40 0.37 0.27 0.27 
1 0.37 0.37 0.37 0.28 0.42 
3 0.36 0.37 0.35 0.29 0.41 
10 0.35 0.35 0.34 0.29 0.39 
Snow 0 0.34 0.34 0.34 0.34 0.34 
1 0.34 0:34 0.34 0.33 0.34 
3 0.34 0.34 0.34 0.33 0.32 
10 0.34 0.34 0.34 0.33 0.32 
Water 0 0.34 0.34 0.34 0.34 0.34 
1 0.25 0.26 0.29 0.35 1.08 
3 0.24 0.26 0.29 0.37 0.96 
10 0.24 0.26 0.29 0.37 0.89 
40 Grass 0 0.40 0.40 0.38 0.27 0.27 
7 a 1 ~—- 0.36 0.36 0.35 0.29 0.48 
3 0.35 0.35 0.34 0.30 0.48 


10 0.33 0.34 0.33 0.30 0.45 
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Table 6.30—Contd. 


Nadir angle, deg 


6 © Surface Hkm 
0 20 40 60 85 
Snow 0 0.34 0.34 0.34 0.34 0.34 
1 0.34 0.34 0.34 " 0.34 0.36 
3 0.34 0.34 0.34 0.33 0.35 
10 0.33 0.33 0.34 _ 0.33 0.34 
Water 0 0.33 0.33 0.33 0.33 0.33 
1 0.24 0.25 0.28 0.36 1.08 
3 0.23 0.24 0.28 0.37 1.04 
10° 0.23 0.24 0.27 0.38 1.02. 
60 Grass 0 0.40 0.40 0.37 0.26 0.26 
1 0.34 0.34 0.34 0.30 0.64 
3 0.32 0.32 0.33 0.32 0.65 
10 0.30 0.30 0.30 0.31 0.62 
Snow 0 0.34 0.34 0.34 0.34 0.34 
0.33 0.33 0.33 0.34 0.44 
3 0.32 0.32 0.33 . 0.34 0.45 
10 0.32 0.32 0.33 0.34 0.46 
Water 0 0.34 0.34 0.34 0.34 0.34 
. 1. 0.28 0.28 0.29 . 0.34 1.00 
3 0.25 0.26 0.27 0.35 1.31 
10 0.24 0.24 0.26 0.36 1.44 
80 Grass i) 0.39 0.39 0.37 0.26 0.26 
1 0.27 0.27 0.29 0.32 1.32 
3 0.24 0.24 0.26 0.34 1.55 
10 0.20 0.21 0.24 0:32 1.49 
Snow 0. 0.34 0.34 0.34 0.34 0.34 
0.29 0.30 0.31 0.34 0.79 
3 0.27 0.28 0.29 0.34 1.00 
10 0.26 © 0.27 0.28 0.35 1.14 


7. VERTICAL PROFILE OF FLUX OF REFLECTED RADIATION 


Reflected radiation may be observed only immediately above the 
ground. A total rising flux, consisting of reflected flux transformed by the 
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underlying atmospheric layer ‘and the ‘flux of radiation scattered by this 
very layer, exists at different heights over the _earth’s surface. 

Airplane measurements on the rising flux over Ladogian Lake 
(aqueous, icy or sow | surface : depending on the time of the year) and above 
a field with uniform vegetation show that flux of reAected radiation increases 
with altitude. The variation of reflected radiation differs with height 
depending on the ‘type of underlying ‘surface (cf ‘Table 6.31) [45]. For 
winters the vertical profile of reflected flux R is ‘more even, for spring 
it is more uneven. Table 6.31: shows that-the values of R depend on the 
altitude of the sun. “ , 


me a 


Table 6.31 Fluxes of reflected radiation at different altitudes (cal/em? - min) [45] 


Altitude above the earth’s surface, km 


Date h © 
0 O02 O85 10 15 20. 25 3.0 
Jan 25 10.6 0:170 = 0.171 0.179 0.197 0,202 — 0.199 
‘Feb 8 14.0 0.222 — 0.216 0.216 0.224 0.232 — 0.232 
“ Feb 23 20.0 0.221 = 0.222 0.239 0.250 0258--— — 
‘Feb 27 22.0 0.248 — 0.262 0.265 0.275 027% — — 
‘Mar 8 18.0, 0.293 — 0.301 0.291 0.314 0.325 0.328 0.334 
Mar 8 25.0 0311 —. 0.292 0.299 0.304 0,308 0.301 0.310 
Apr 20 416 0.299 —~. 0.292. 0.294 0,300 0.296 ‘0.308 0.312 
Apr 20 27.5 0.262 — 0.274 -0.278 0.277 0.300 0.296 0.288 
Bree e 45.0. 0.039 —. 0.046. 0.055 0.077 0.090 — 0.118 
Jun 17 52.0 - 0.033 — 0.044 0.053 0.069 0.076 — 0.108 
Jun 18: 45.0. 0.029 —: 0,036...0.045 0.057 0.068 — 0.097 
Jun 18 ~ 52.0 - 0.034 =~ 0,044 -0.048 0.054 0.070 — 0.100 
ja 1. 45.0 “0.041 “—— 0.062 0.066 0.073 0.092 0.099 — 
‘Jul 1 52.0°-— “ —--'0.070 0.093 0.102 — 0.130 
jal 14 43:5 0.049 0.050 0.056" 0.060 0.081 0.093 0.101 — 
jul 14. 51.0 0.053 6.055 0.057 0.065 0.075 0.089 — = 
Aug 13 400. 0.04 0.044 0.047 0.059 0.07 — — — 
Aug 14 37.0 0.043 0.043 0.054 0.067 0.076 0.085 0.095 — 
Aug 14°  -44.0 0.060 0.062 - 0.063 ~0:057- 0,074 0.081 — —- 
Oct .5 250 0.077 0.073 0.076 0.088 0.096. ¢ = 


Oct 15° 20.0 0.058 —.— 0.056 0.082 Ooi” 0 
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~ Airplane: measurements. of’ reflected flux-in the region of Tashkent 
(snow..surface, green ‘or dry grass) : similarly show. that .the. reflected 
radiation increases with rising: altitude above the. earth’s surfacé (Table 
6.32) [35]. 


Table 6.32 Flux of reflected radiation (cal/cm? . min) at different 
altitudes at true midday [35] 


Hkm ‘Winter Spring Summer Autumn 
0.4 0.214 0.267 0.279 _ 0.212 
0.8 0.214 0.271 0.280 0.219 
1.3 0.226... 0.324. 0.275 0.237 
2.3 0.238 0.336 0.284 0.262 
3.4 0.246 - 0.344 0.294 0.270 
44 0.259 0.361 0.279 0.282 
5.5 0.263 0.444 0.295 0.293 


6.7 0.273 0.394 —_ _— 


The highest vertical gradient for all layers. may be observed in 
summer and the lowest in. winter (Table 6.33). The influence of fog is 
most noticeable at low albedo values [36]. 


Table 6.33 Gradient of rising radiation-Alux (cal/em? + min km) [35] 


ra, Thickness of layer, km 


Time of 
year 7 ; ; : 

0-i > 1.2 2-3 0-3 
Winter 0.004 0.018 0.002 0.008 
Spring 0.010." +. - 0.012 0.002 0.008 
Suramer "0.015 0.026 0.023 — 0.012 
Autumn 0.006 0.014 0.005 0.009 
Average | sik 0.018 - 0.008 0.012 


Balloon’ measurements ae the flue of: vefleued cadinGen [29,- 30, 37) 

, indicate a ‘variation in ‘this flux: ‘with respect to- ‘the altitudes above the 
earth’s surface and with: respect to the- nature of the: underlying surface. 
The. -profiles of. reflected. radiation represented in Fig. 6.12 refer - 

to the summer and autumn. periods (A~25%); only profile 2 was obtained 
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in the presence of a snow cover (A~70%) [43]. For a clear sky (curves 
3, 11, 13, 15, 16, 19) the flux of reflected radiation steadily rises. The 
value of R does not exceed 0.27 calfcm?. min in any case. The value 


H km 


0.2 0.4 0.6 0.8 1.0 
R calfcm*.min 


Fig. 6.12. Vertical profiles of reflected shortwave radiation 
according to balloon invegtigations [43]. 
1—Nov. 1961, 4@=17°, snow, clear; 2—May 1962, 4@=55-58°, flooded meadow, 
clear; 3—July 1962, h@=59°, Ng=6-7 tenths; 4—Nov. 1962, h@=17°, steppe, clear; 
5—July 1963, h@ =56-60°, fields, clear; 6—Aug. 1963, h@=42-54°, three layered cloudi- 
ness of 6-7 tenths; 7—Aug. 1964, 4@=20-38°, fields, clear; 8—July 1964, h@ =20-37°, 
fields, clear; 9—Oct. 1964, A@=23°, St 10 tenths ; 10—Oct. 1965, h@ =33-35°, three 
layered cloudiness of 10 tenths; 11—Oct. 1965, h@=26°, steppe, clear; A—profile in 
Antarctica, A@ =40° [77]. 
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of R reaches 0.37 cal/em?. min at 6 km in Central Asia during summers 
[36]. A still higher value of R=0.93 cal/cm? . min was obtained on a 
clear day in Antarctica at hqg~40° at an altitude of about 5 km [77]. 

The dependence of the values of reflected flux on the altitude of 
the sun for a clear sky has been traced in Fig. 6.12 (profiles: 1I—k@=17° ; 
19—h@ =24-27° ; 15 and 16—h@=30-35° ; 3—h@=57-59° ; 13—ho= 
56-60°). The dependence of R on ko in the presence of a layer of cloud 
can be estimated from the profiles 14 and 18 at an altitude of 10 km. The 
layers of clouds on this day were situated at different altitudes. The © 
flux R rises rapidly to the level of the upper boundary of this cloudy layer. 

The theoretical investigations for standard atmosphere confirm the 
pattern established through experiments [47, 72, 76]; the value of the 
flux of reflected radiation rises with the altitude as well as with increasing 
solar altitude, the rise being more rapid at higher values of the albedo of 
the reflecting surface. 


8. FLUX OF SCATTERED AND REFLECTED RADIATION 


The flux of scattered and reflected radiation at an inclined surface 
depends not only on the angle of inclination of these surfaces but also on 
their azimuth. The magnitude of flux can be accurately determined, if 
data about the angular distribution of scattered radiation are available 
from the following form [22], viz. 


2x r/2 
D=[ ay | I (h, p) cos i cos h dh, (6.5) 
0 Ad) 


where I (h, $)—intensity of scattered radiation in a direction determined 
by the spherical coordinates h (angular height) and ¥ (azimuth relative 
to the sun) ; A (#) least angular height of a point in the sky at azimuth 
~ with respect to the horizontal plane ; i—angle of incidence of radiation 
at the inclined plane whose cosine can be determined by the following 
expression : 


cos i==sin « cos A cos $-++ cos « sin h, 


’ where a—angle of inclination of the slope ; Y=4@—g, Ys—azimuth of the 
slope. 
The fluxes of radiation scattered on an inclined plane can be computed 
by numerical integration from the formula (6.5). : 
For an isotropic scattered radiation (f=const) the flux of radiation 
scattered on an inclined surface can be determined from the relation [6]. 
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Da=Dy cos* —— , 6.6) 


where Dpy—flux of scattered radiation on a-horizontal surface. 

The relative magnitudes .of flux and of total radiation .determined 
with respect to flux and total radiation on a horizontal surface are the 
distinct features of radiational regime of inclined surfaces. - a 

The difference between the values of flux computed from formulas (5) 
arid (6). are given in ‘Table 6.34 [25]. Orientation of the:-surface is 
given by the angle of the slope « and azimuth ¢ relative to the azimuth. 
of the sun. In the brackets one finds the deviations of the relative magni- 
tudes of flux in. percentages, computed in an isotropic approximation 
from corresponding values obtained through ‘ accurate. calculations. In 
most.cases the deviations from “isotropic” values enter because of the limits 
of error in the measurements of flux of scattered radiation. 

For surfaces oriented on the side opposite to the sun (¥=180°), a 
decrease in the flux of scattered radiation with an increasing angle of 
inclination of the slope may be observed ; for surfaces turned toward the 
sun, a maximum at values of the angle of inclination oimax. may be observed 
corresponding to the condition max =90° —he. 

The angular distribution of intensity ‘of reflected radiation for the 
majority of natural surfaces is anisotropic. It is necessary to take into 
consideration this criterion for accurate computations of flux of radiation 
scattered from an inclined surface. 

The relative values of flux of reflected radiation Rs/Rp at differently 
oriented surfaces can.be computed from the given angular distribution of 
intensity of reflected radiation and from the isotropic approximation 
(25, 28]. Flux of reflected radiation of an inclined surface in case of 
isotropic’ reflection can be determined from the formula... “+; 


“Ra=Ry sin? - (6.7) 
Evidently’ for surfaces yielding mirror reflections the formula. (6,7) 
provides a crude evaluation. The flux of radiation on an inclined surface 
depends considerably. on their: orientation-in the: presence of snow covering 
(Table 6.35). For surfaces turned toward the sun, an oe PPro 
ximationi gives much lower values.*~ 7° + *- Og oS SS 
In the case of a barley surface the difference bein accurate and 
approximate relative “fluxes of: reflected radiation. ‘is “noticeable: only or 
steep inclines (Table 6.36). 
'’ “The ‘contribution’ of réMlected radiation to the total flux of | 
and reflected radiation on a’slope.(Table 6.37) for’ different values of albedo 
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Table 6.36 Relative fluxes of reflected radiation R,/R, % in a clear sky in the 
presence of snow cover [28] 


h© =30°, A=0.50 


v 
2° sin* > % 

0 90 180 270 

90 13.0 5.2 46 6.0 6.7 
(96) (—22) (—31) (—11) 

50 35.0 16.8 13.8 18.5 17.9 
(96) (~6) (—23) (3) 

70 60.0 31.7 25.8 34.6 32.9 
(83) (-4) (—22) (5) 

90 83.0 48.0 40.0 53.6 50.0 
(66) (~4) (—20) (7) 


Table 6.37 The magnitude of ratio in a clear sky and 4@ =34° [28] 


Fs, 
(D+Rye ” 


A=0.60 A=0.20 
2° 
N s Ww E N S WwW E 
15 7.3 5.2 63 5.9 1.9 1.4 1.6 1.7 
30 26.8 15.8 21.8 19.4 8.2 4.9 6.1 6.5 
50 54.7 30.0 46.5 37.2 20.2 IL4 15.4 16.4 
70 81.4 41.7 63.4 57.0 37.0 19.2 27.7 28.2 


90 100.0 51.0 76.5 63.4 43.0 29.2 40.6 43.0 


of surface A determines the role of reflected radiation in the radiational 
regimes of the slopes. 

In the presence of snow cover the flux of reflected radiation on 
a steep incline is higher than the flux of radiation from the sky [28]. 

The fraction of reflected radiation, with rising values of albedo of the 
underlying surface from 0.20 to 0.60, in the flux. of total radiation is 2-3 
times higher than for corresponding surfaces (Table 6.38). In case of 
inclined planes («<30°), the contribution of reflected radiation in the 
flux of total radiation is insignificant. For slopes oriented away from the 
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sun the reflected radiation plays an important role and in some cases 
represents the main component in the total flux of radiation on an inclined 
surface. The fluxes of reflected radiation in a given case can be computed 
from the approximate formula (6.7). Accurate computation of the flux of 
reflected radiation for slopes facing the sun must necessarily give consider- 
ably higher values. - 


Table 6.38 The values of ratio (ED+R), ” in a clear sky and at different 
3 


values of albedo of underlying surface [28] 


hg=12", 4=0.65 (@ at WSW) h=35°, A=0.60 (@ at S) 
a? 

N s Ww E N S Ww E 
15 2.4 0.8 0.6 3.7 1.6 0.8 1.1 1.0 
30 14.8 2.3 1.7 14.8 13.9 2.6 5.3 3.7 
50 29.8 5.0 34 324 508 6.2 19.7 10.2 
70 39.0 8.4 5.5 52.5 74.2 11.0 65.6 20.7 
90 59.0 12.9 8.0 68.3 99.0 174 75.0 39.2 

hg =28°, A=0.20 (@ at W) h=34°, 4=0.20 (@ at E) 

@° 

N s w E N S Ww E 
15 0.3 0.3 0.2 0.6 0.4 0.3 0.5 0.3 
30 1.5 15 0.8 6.7 1.8 1.3 5.2 0.9 
50 48 4.7 1.9 17.5 7.2 3.8 19.2 2.2 
70 134 12.2 3.5 27.8 30.8 88 328 4.3 
90 37.5 33.4 6.0 43.0 47.0 192 41.6 74 


The evaluation of the flux of radiation scattered on an inclined surface 
can be achieved with the help of a differently oriented pyranometer, 
supplied with a special screen which eliminates the flux of reflected radiation. 
Then the flux of radiation reflected on a given surface with screen and 
without screen can be determined differently. Daily amounts of reflected 
radiation on slopes were obtained as a result of detailed measurements 
over clayey soil with dry grass (Table 6.39) [9]. It is obvious-from this 
Table that it is possible to neglect reflected radiation incident on a plane 
of 10° inclination. The values of daily amounts of reflected radiation 
even on an inclined plane with e=40° do not ¢onstitute more than 15% 
of the entire flux of reflected radiation (Table 6.40). 
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Table 6.39 “Daily amounts of reflected radiation (cal/cm? . day) - 
-mean value for September. Makhtala [9] 


ES 


a 
Orientation of slope 

10 20 30 40 
North Ag 5.6 13.9 25.9 
South 1.0 4.2 9.2 18.3 
- East 2.0 5.1 12.4 23.6 
West 13 4.7 11.0 23.6 
Computation from the 1.4 | 53 W720 20.6 


formula (13) 


Table 6.40 Relative daily amounts of reflected radiation ZR,/ZR_ %»- 
mean for ‘September [9] 


Orientation of slope ner 


. 


a? g 
‘North. South ; East Z West 
10 1.0 0.6 1.1 0.8 
* 20 3.2 2.4 2.9 2.7 
30 7.9 5.2 7.0 6.2 
40 14,7 10.4 13.1 13.4 


The flux of radiation reflected and scattered on an inclined plane 
under continuous cloudiness depends mainly on the angle of inclination of 
the surface but remains practically independent of the azimuth. In this 
case, isotropic approximation provides adequate accuracy.- 

The daily amounts of scattered and reflected radiation for differently 
oriented: surfaces which are not very steep differ only slightly from the 
corresponding daily amounts for -horizontal surfaces (Table 6.41) under 
a clear sky and albedo around 0.20 [27]. ; 

Tle daily amounts of :c2 ‘ered and reAected radiation “can, be 
evaluated from isotropic appr xi ation to a ¢ :ffic'ent_ degree of : accuracy 
using the following equation : _ 

D Rn. (6.8) 


z (D+R)s=cos? 9 EDatsin® 
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Table 6.41. Relative daily amounts of scattered and reflected radiation 


D+R 
3 Sead dace) under a clear sky, 9=45°W [27] 
xD, Ff Gis 
“North South 
a? : : 
Jun'lg9 * Julis~” Aug 6 Jun 19 JullS Aug 6- 
5 1.01 0.98 0.97 1.09 1.04 1.06 
~ 10 1.00 0.99 0.95 1.07 1.04 1.08 © 
15 1.00 0.99 . 0.96 - 1.07 1.05 _ 1,06 
20 1.01 0.99 0.93. 1.07 - 1.05 1.09 
30 1-00 0.98 0.93 “1.10 1.07 1.17 
. 50 1.03 0.99 0.93 1.18 112. 1.24 
70 1.09 1.01 0.96 ‘1.23 1.12 1.25 
90 1.12 1.04 1.00 1.24 1.12 1.23 
East West 
he ze 
Jun 19 Jul 7 Aug 6" Jun 19 Jul 15 Aug 6. -. 
5 * 101 1.01 0.98 1.03 1.00 1.01 
10 1.01 0.99 0.97 1.03 * 1.00 1.02 _ 
15 1.03 0.99 1.00 1.03 1.02 1.03 -* 
20 1.04 1.01 1.01 1.05 103 1.05” 
30. —«-1.07 1.01 1.04 1.11 1.04 1.08 
50 1.14 1.06 1.08 1.20 1.08 114 
"70 1.21 1.08 1.14 1.24 2. 119° 


90 1.27 1.12 1.16 13100 13 1.21 


2 


9. GEOGRAPHIC DISTRIBUTION OF SCATTERED 
RADIATION 


_- The altitude of the. sun, length of day and cloudiness are the. chief 
factors that determine the geographic distribution of scattered radiation. . 

Slight variability of the geographic distribution of scattered radiation 
over.a given territory is'a characteristic feature. The annual amount 
of scattered radiation across the territory of the USSR. varies within the 
limits 10-15 kcal/em? - yr and possesses a- weakly expressed latitudinal 
course [8]. The minimum annual -amounts have been observed in the 
North-West region of the European Territory of the Soviet Union .and 


382 Radiation Characteristics 


yield a value of 37-39 kcal/em?-yr. A second minimum (43-45 kcal/cm?.-yr) .. 
has been observed in the desert region of Central Asia. The maximum 
annual amounts were observed in the Far-East region and in Zakarnat’e, 
viz. 51-53 keal/cm?- yr. 

Twelve monthly charts of the distribution of scattered radiation 
over the territory of the Soviet Union are given in monograph [8]. The 
charts for December (Fig. 6.13) and June (Fig. 6.14) have been included 
here as an illustration. A latitudinal distribution of scattered radiation 
is characteristic for the winter period. Monthly amounts increase in a 
North to South direction from 0 to 25 kcalfem?.mon and in February 
from 0.8 to 3.5 kcal/em*.mon. On account of the increase in the length 
of the day during spring the latitudinal course of scattered radiation is 
destroyed by the high albedo values in the Northern latitudes and by the 
considerable variation in mean monthly cloudiness in distinct regions. A 
weakly expressed latitudinal variation of scattered radiation is present 
in March and its value increases from North to South from 2 to 
4.5 cm?.mon. In April the latitudinal course varies within the limits. 
5-6 kcalfem?.mon. A redistribution of monthly amounts of scattered 
radiation has been observed for May. In the North these amounts increase 
to 10-11 kcal/em?.mon. on account of the long day, whereas in the 
South the amounts decrease to 6-5 kcal/ern?-mon. 

The monthly amounts of scattered radiation decrease in June from 

North to South from 12.5 to 4.5 kcal/em?.mon. 
The maximum of scattered radiation in the North is the result of the 
greater length of the day. The maximum amount of scattered radiation 
has been observed in Central Asia (5 kcal/em?:mon), where it differs 
slightly from the amount of radiation under a clear sky. 

There is an insignificant variation in scattered radiation over the 
territory of the Soviet Union during the autumn months, and a feature of 
the distribution of the monthly amounts of radiation is the transition from 
the summer to the winter season. 

On account of the properties of cloudiness and underlying surfaces 
in the Arctic region the fundamental part of the radiative energy incident 
on the earth’s surface contributes to scattered radiation. Such a large 
occurrence of scattered radiation is not observed in the Antarctic region, 
insofar as clouds of the lower stratum corresponding to rising scattered 

_radiation in this region are observed less frequently than in the Arctic. 

Scattered radiation forms the main portion of the net radiation in the 
element received in the Arctic regions, whereas direct solar radiation is the 
main portion in the Antarctic region. 

The properties of the scattered radiation siccived under varying 
conditions of the sky in the Arctic as well as in the Antarctic regions are 
most distinctly manifested in the relation between scattered radiation D 
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and total radiation Q [68]. For altitudes of the sun above 25°, a clear 
sky and the presence of snow cover, scattered radiation comprises 20-25% of 
the total radiation received, whereas in the absence of snow it is 15-20%. 
’ For altitude of the sun below 15° the contribution of scattered radiation 
even under a clear sky becomes 40-60% of the total radiation. 
An analogous picture has been observed in the Antarctic region 
(Table 6.42) for large solar altitudes (above 15°), the ratio D/Q at all 
stations comprising 10-20% [49]. 


Table 6.42 Ratio of scattered radiation to total radiation for a clear sky (a) and 
for average conditions of cloudiness (b) [49] 


6 § Altitude of the sun, deg 
Station 34 
S35 «10 15 20 5 90 35 4045 
- Oasis a 046 024 0.20 0.18 0.17 0.13 0.12 0.11 0.10 
6 1.00 0.67 061 052 0.50 046 0.43 0.44 0.42 
Mirnyy a 045 0.30 0.25 0.22 0.19 0.15 0.13 0.13 0.12 
6 0.86 0.67 0.58 0.55 0.52 048 0.44 0.43 0.42 
Pioneer a 0.33 0.19 0.18 0.17 0.16 0.15 0.14 0.14 
6 «0.44 «0.35 «0.37 «0.33 «(0.28 0.50 0.35 0.40 
Vostok-1 a 0.55 0.32 0.26 0.22 0.18 0.15 0.14, 
6 60.78 0.55 043 040 0.36 0.34 0.32 
Komsomol’skaya - . a 042 0.28 0.24 0.20 0.17 O15 0.14 
6 0.67 0.39 0.33 0.29 0.25 0.22 0.20 
Vostok a 0.55 0.30 025 0.19 0.16 0.14 0.13 


The contribution of scattered radiation to the total radiation in the 
presence of clouds rises sharply and comprises 30-50% Q at a high altitude 
of the sun in the Antarctic region ; in the Arctic it represents 30-40% for 
clouds in the lower stratum and 60-90 % for clouds in the intermediate and 


lower strata. 
The mean annual amounts of scattered radiation in the Arctic region 


change only a little from 41.6 kcal/cm? . yrin Pacific Bay to 47.9 kcal/cm?. yr 


at Kotel’nyy Island. 
An interesting comparison of fluxés of radiation in the Antarctic and 


Arctic regions is given in Table 6.43. 
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Table 6.43 Annual amounts of scattered radiation in Antarctic 
regions for average cloudiness [49] 


D 
Station Dkcalfem?.yr . Q kcalfcm? . yr @ 


Antarctic region 


Mirnyy 46.7 ” 94.5 0.49 
Pioneer 35.5 108.9 0.33 
Komsomol’skaya 36.5 131.2 0.28 
Vostok 22.3 120.1 0.19 
Arctic region 
Cape Schmidt 44.0 72.4 0.61 
Tiksi Bay ° 42.6 70.3 0.61 - 
Dickson Island 46.9 65.3 0.72 
Uedineniya Island 44.4 58.6 . 0.76 


It is obvious from the Table that the yearly amounts of scattered 
radiation in the Arctic region between the latitudes 68-80° and along the 
coast of the Antarctic region (Mirnyy station) are almost identical. 
However, if we consider the yearly values of total radiation in the Arctic 
region to be significantly lower than the values in the Antarctic region, 
then the contribution of scattered radiation in-the portion of the net 
radiation received in the Antarctic region is considerably lower even on 
the coast as compared to the Arctic region. 

With the help of the accumulated data of observations it is possible 
to construct a schematic chart of distribution of the ratio of scattered - 
total radiation for the Northern Hemisphere [10]. These charts are 
used for the evaluation of the amount of scattered radiation in the total 
radiation from the sun incident on the earth’s surface. The region of 
predominance of scattered over direct radiation covers a large portion 
of the earth. In view of the predominance of cloudy weather at equatorial 
and at high latitudes the scattered radiation is more than the direct 
radiation in the course of an entire year, and at moderate latitudes this 
happens mostly during the autumn months. 

At high latitudes of the Northern Hemisphere scattered radiation 
during spring and summer months comprises 50-60% of the value of total 
radiation, during autumn and winter months its contribution increases to 
80-100%. 

Minimum values of scattered radiation were observed in regions of 
low cloud cover in the tropical and subtropical latitudes. .The contribu- 
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tion of scattered radiation over the period of an entire year does not exceed | 
20-30% of total radiation. 

Table 6.44. represents the distribution of scattered radiation with 
respect to latitude obtained from observations in clear weather at 150 
actinometric stations in the USSR over the period 1952-1958. 

The first schematic charts of the geographic distribution of scattered 
radiation over the earth were published in 1958 by F. Bernghardt and H. 
Phylipps [82]. They computed the mean monthly intensity of scattered 
radiation re ail min) for the quadrant of 10° for sea and land between 
70° N and 60°S 


10. OUTGOING SHORTWAVE EMISSION OF THE EARTH- * 
ATMOSPHERE SYSTEM (RESULTS OF THEORETICAL 
COMPUTATIONS) . 


The atmosphere transforms solar emission mainly as a result of 
the process of multiple scattering and intrinsic. absorption. The main 
portion of direct solar radiation, scattered and reflected :emission comes 
from the visible and near infrared region: of the spectrum. .- 

In order to compute the outgoing shortwave eniission it is necessary 
to know the scattering function, coefficients of scattering and absorption, 
survival probability of the vertical quantum distribution of the above- 
mentioned optical properties in the atmosphere and the reflection pro- 
perties of the underlying surface, as well as to take into consideration the 
curvature of the atmosphere, polarization and refraction of radiation. 

“~~ For the evaluation’ of shortwave radiation™in’ the ‘ultraviolet’ region 
‘of the spectrum the following should be taken into consideration : scattering 
on aerosol.and molecules of air, as well as absorption in air (Hartley’s-band 
A=0.22-0.32 u, Huggin’s band A=0.30-0.345 »); whereras:in the visible 
region of the. spectrum scattering by molecules of air and aerosol should 
. be considered but not, inherent absorption ;. in the near infrared region of 
the spectrum one should take: into consideration single scattering aerosol 
and absorption in water vapor and carbon dioxide. S 

The effect of actual cloudiness in the emission of radiation has not 
yet been adequately considered. 


10.1 Parallel-plane model of Rayleigh’s atmosphere | 


Voluminous theoretical computations of the outgoing emission for a 
parallel-plane model of the atmosphere have been accomplished for con- 
ditions of orthotropic reflection of the earth’s surface for the following values 
of albedo, viz. 0 ; 0.25 ; 0.80 [65, 86, 89]. The results are given in thé 
form of separate Tables for the following values of optical thickness + and- 
corresponding wave lengths A, thus : 
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Table 6.44 Scattered radiation in clear sky (cal/cm?. min) from data of 


Jan , Feb . Mar Apr 


Latitude | 


930 1230 1530 930 1230 1530 630 930 1230 1530 630 930 


38°C 0.10 0.13 0.08 0.12 0.15 0.11 0.04 0.14 0.16 0.13 0.10 0.18 


40 0.10 0.13 0.08 0.13 0.15 O11 0.04 O14 O17 0.13 0.10 0.18 
42 0.10 0.13 0.08 0.13 0.15 0.10 0.05 0.15 0.17 0.13 0.10 0.18 
4 0.10 0.13 0.07 0.12 0.15 0.10 0.05 0.15 0.17 O13 0.10 0.18 
46 0.10 0.13 0.07 0.15 0.16 O11 0.05 0.16 0.18 0.14 O11 0.19 
48 0.09 0.13 0.07 0.15 0.16 O11 0.06 0.177 0.19 0.14 O11 0.19 
50 0.09 0.13 0.06 0.14 0.17 O11 0.06 0.17 -0.19 0.14 0.10 0.18 
52 0.08 0.12 0.05 0.13 0.17 0.10 0.05 0.16 0.20 0.14 0.10 0.18 
54 0.07 O.11 0.05 0.11 0.16 0.09 0.05 0.115 0.18 0.13 0.09 0.17 
56 0.06 0.10 0.05 0.10 0.14 0.08 0.05 0.15 0.17 0.13 0.09 0.16 
58 0.06 0.09 0.04 0.10 043 0.07 0.04 0.14 0.16 0.52 0.09 0.16 
60 0.05 0.07 0.03 0.09 0.12 .0.06 0.04 0.13 0.15 O.11 0.09 0.16 
62 0.03 0.07 0.02 0.08 0.11 -0.05 0.04 0.13 0.14 0.10 0.09 0.16 
64 —° 006 — 0.08 O11 0.05 004 0.13 0.14 0.10 0.10 0.17 
> 66 — 006 — 0.07 0.10 0.05 0.04 0.12 0.14. 0.10 0.10 0.17 
68 - —~- — 0.06 009 004 — O11 0.14 0.10 0.10 0.17 
3 | Jul Aug Sept 
“a 
3 “630 930 1230 1530 1830 630 930 1230 1530 1830 630 930 


38°C 0.12 0.19 0.20 0.17 0.06 0.10 0.18 0.19 0.16 0.04 0.07 0.16 


40 0.12 0.18 020 0.17 0.06 0.10 0.17 0.18 0.16 0.04 0.07 0.16 
“42 0.12 0.18 0.20 0.17 0.07 0.10 0.17 0.18 0.16 0.04 0.07 0.16 
44 0.12 0.18 O19 0.16 0.07 0.10 0.17 0.18 0.16 0.04 0.06 0.15 
46 0.12 0.18: 0.19 0.16 0.07 0.10 0.17 0.19 0.15 0.04 0:06 0.15 
48 0.12 0.18 0.19 0.16 0.08 0.10 0.17 O19 0.15 0.05 0.07 0.15 
50 0.12- 0.18 019 0.16 0.08 0.09 0.17 0.18 0.15 0.05 0.07 0:14 
52 0.12 0.17 0.19 0.16 0.08 0.09 0.16 0.17 0.15 0.05 “0.07 0.13 
54 0.12 0.17 0.18 0.16 0.08 0.09 0.15 0.17 0.14 0.05 0.06 0.12 
56 0.11 0.17. O18 0.15 0.08 0.09 0.15 0.17 0.13 0.05 0.06 0.12 
58 0.11 0.16 018 0.15 0.08 0.08 0.14 0.16 0.13 0.05 0.06 0.12 
60 0.11 0.15 O15 0.13 0.08 0.08 0.14 0.15 013 0.05 0.05 0.11 
62 0.1! 0.14 0.13 0.12 0.08 0.08 0.13 0.13 0.12 0.06 0.05 0.10 
64 O11 0.14 O13 0.12 0.08 0.08 0.12 0.13 O11 0.06 0.05 0.09 
66: OAL 0.14 0.13 0.12. 0.09 0.08. O.11-. 0.13 0.11 0.06. .0.05. 0.09 


68 O11 0.13 013 0.12 0.09 0.08 0.10 0.12 0.10 0.05 0.05 0.09 
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a network of actinometric stations (mean values for several years) 


Apr May Jun 


— 2. oT ay 
1230 1530 1830 630 930 1230 1530 1830 630 930 1230 1530 1830 


0.20 016 — O11 0.18 0.19 0.16 0.05 0.11 O17 0.18 0.16 0.07 


0.20 0.16 — O11 0.18 O19 0.16 0.05 O11 0.17 0.18 0.16 0.07 
0.20 016 — O11 0.17 0.19 O16 0.05 0.11 0.17 0.18 0.15 0,07 
0.20 016 — O11 O17 0.19. 0.16 0.05 O11 0.17 O17 0.15 0.07 
0.20 0.16 — O11 019 6.19 0.16 0.06 0.12, 0.18 0.18 0.16 0.07 


0.20 0.15 0.04 O.11 0.19 0.20 0.16 0.06 0.12 0.19 0.19 0.16 0.07 
0.19 0.15 0.04 012 0.18 6.19 0.15 0.06 0.12 06.19 0.19 0.16 0.08 
0.19 0.14 0.04 0.12 0.18 0.18 0.15 0.07 0.12 0.18 0.18 0.16 0.09 
0.17 0.14 0.04 0.12 0.18 0.18 0.15 0.07 0.12 0.18 0.18 0.16 0.09 
0.17 0.14 0.04 0.12 0.18 0.17 0.15 .0.08 0.12 .0.17 0.18 0.16 0.10 
0.17 0.13 0.04 0.12 O16 0.16 0.14 0.08 012 0.16 0.17 0.15 0.10 
0.17 0.13 06.05 O11 0.15 0:16 0.14 0.08 O1f 0.15 0.16 0.15 0.09 
0.17 0.13 0.05 0.10 0.15 0.16 0.14 0.08 O11 O15 0.15 0.14 0.09 
0.18 0.14 0.05 0.10 0.14 0.16 0.14 0.09 O11 0.145 0.15 0.14 0,09 
0.18 0.15 0.05 0.10 014° 0.16 0.14 0.09 O11 0.14 0.15 0.14 0.09 
0.18 0.16 0.06 0.10 0.14 0.16 0.14 0.09 O11 O17 0.15 0.17 0.09 


Sept Oct Nov Dec 


1230 1530 630 930 1230 1530 930 1230 530 930 1230 1530 . 


0.17 0.14 0.05 0.13 0.14 O11 O11 0.12 0.08 0.10 O11 0.06 
0.17 0.14 0.05 0.13 0.14 O11 O11 0.12 0.07 0.10 O11 0.06 
0.17 0.13 0.05 0.13 0.14 O11) O11 0.12 0.07 0.10 O11 0.06 
0.17 0.12 0.04 0.12 0.14 0.09 0.10 0.12 0.07 0.09 0.11 0.04 
0.17 0.12 0.04 012 0.14 0.09 0.10 0.12 0.06 0.09 0.11 0.04 
0.16 0.12 0.04 0.12 0.13 0.09 0.09 0.12. 0.05 0.09 0.11 0.04 
0.15 0.12 0.04 O11 0.12 0.09 0.08 0.11 0.05 0.08 0.10 0.04 
0.15 0.12 0.04 O11 O11 0.08 0.08 0.10 0.04 0.07 0.10 0.02 
0.15 0.12 0.04 0.10 O11 008 007 0.10 004 006 0.09 — 


0.14 0.12 — 0.10 O11 0.07 0.06 0.09 0.03 0.05 008 — 
0.14 O11 — 0.08 O.11 0.07 0.06 0.07 0.02 0.05 006 — 
0.13 0.10 — 0.07 0.08 0.05 0.05 0.06 0.02 003 006 — 
0.12 009 — 0.07 0.07 0.05 0.04 006 — 0.03 0.04 — 
0.11 0.07 — 0.05 0.05 0.05 004 005 — - — — 
0.11 0.07 — 0.05 0.05 0.04 0.03 0.04 — —- le — 


0.10 0.07 — 0.05 0.06 0.03 002 00¢ —- — — nae, 
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Ti seiSieeie wales 1.00 0.50 0.25 0.15 0.10 0.05 0.02 
AA Sagewsstus 0.3120 0.3715 0.4365 0.4950 0.5460 0.6440 0.8090 


The Tables show the values of outgoing emission at the level of the upper 
boundary of the atmosphere, as well as the values of Stokes’ parameters, 
degree of polarization and the angles between the plane of polarization and 
the vertical plane for a given azimuth. 

Results of computations on the angular distribution of intensity 
of outgoing emission [88] for different optical thicknesses along the solar 
vertical indicate a considerable increase in intensity along the directions 
close to the horizon (Fig. 6.15). This can be caused by a rise in the amount 
of single-scattering as a result of the increase in the optical thickness of 
the atmosphere at horizontal level. 
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Fig. 6.15. Angular distribution of intensity of outgoing emission (in relative 
units) in the plane containing the solar vertical for different optical 
thicknesses (cos 3 @ = 0.403 A=0) [88]. 
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The effect of the albedo of the underlying surface on the angular dis- 
tribution of intensity of outgoing emission is illustrated by the data in 
Fig. 6.16, where the results of computations for t=0.15; cos #@=0.80 
and A=0 ; 0.25 ;0.80 areshown. A decrease in intensity occurs at the level 
of the horizon in the case of a higher albedo value (A=0.80). Reflection 
from the earth’s surface carries the main contribution to the outgoing 
emission for low optical thickness. 
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Fig. 6.16. Angular distribution of intensity of outgoing emission (in relative 
units) in the plane containing solar vertical for different albedo 
values of earth’s surface (t=0.15; cos o © = 0.80) [88]. 


The azimuthal dependence of the outgoing emission can be determined 
mainly by the scattering function. The fundamental principles of angular 
distribution of the outgoing emission along the solar vertical are typical 
for any other azimuth relative to the solar vertical (Tig. 6.17). 

The maximum emission does not occur in the antisolar direction as 
in the case of single scattering but is shifted considerably toward the horizon. 
In the immediate vicinity of the horizon (toward the antisolar direction) 
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a drop in the outgoing emission may be observed. An increase at the level 
of the horizon takes place for other’ azimuthal angles. A maximum 
brightness may be observed near the horizon for low optical thicknesses. 
Consideration of Lambert’s reflection does not give rise to azimuthal 
variation in the brightness field in the atmosphere which is horizontally 
uniform, although it affects the magnitude of the intensity of outgoing 
emission. 

The dependence of the intensity of outgoing emission on the zenith 
angle of the sun has been studied for an orthotropic underlying surface 
(A=0.25) in the direction of the lowest point (nadir) for the wavelength 
interval of 0.312-0.803 » [95]. The intensity of radiation at nadir 
decreases monotonically for increasing zenith angles of the sun. 

The influence of a real nonorthotropic underlying surface (silica 
sand and red clay) on the field of shortwave outgoing emission has been 
investigated [90]. The intensity of scattered radiation can be computed 
using Chandrashekar’s method [65] for two wavelengths A=0.492 4% and 
A =0.6434. In the case under examination the main contribution 
to the intensity of outgoing emission comes from radiation directly passing 
through the atmosphere, reflected by the surface and again passing directly 
through the atmosphere. The effect of reflection from red clay for A= 
0.643 wis especially noticeable. Quartz sand reflects both wavelengths 
strongly. Reflected radiation in the red and near infrared regions of the 
spectrum for large albedo values (desert sand) [91] predominates in the 
outgoing reflection. Diffuse back reflection in the atmosphere occurs in 
the short wavelength region of the spectrum at large nadir angles 
(8> 60°). 

Consideration. of higher order scattering is important for the 
computations of polarization [80]. The computations for outgoing 
radiation give the same values for the degree of polarization and the same 
pattern for planes of polarization as for scattered outgoing emission [88]. 
The maximum contribution to atmospheric brightness is the result of 
multiple scattering in the vicinity of the horizon at azimuth }=90°. The 
degree of polarization decreases as the amount of multiple scattering 
increases, with the exception of the region of sky in the vicinity of the sun. 
For the scattering angle y=90° the degree of polarization is 100% 
for single scattering, whereas for multiple scattering it decreases to 
70%. 

The computations of outgoing emission in the ultraviolet region 
were .obtained for the interval 4 A=0.20-0.32 #, for different positions 

of the sun and directions of sighting [17, 96, 97, 105]. The intensity of 
outgoing radiation is a minimum around A=0.24 in agreement with the 
computations. Only single scattering (small optical thickness t=0.18) 
was considered in the upper layer for the two-layered model of the atmo- 
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sphere. Multiple scattering was taken into consideration [105] in the lower 
layer where t~1.0. ‘The computations were carried out for Rayleigh 
scattering function using the relation: 


3 
x (vy) =| (1 +cos?y) and A=0.229 B, A=0 


The qualitative characteristics of the angular distribution of outgoing 
radiation in the presence of ozone and in its absence coincide. The error 
on account of neglect of multiple scattering (in the absence of ozone) 
becomes 8-15% for zenith angles of the sun 84 <50° and angles of sighting 
6<50°. As the absorption in ozone increases these errors rapidly decrease. 
For the parallel planes model of the atmosphere, whose density changes 
with the height exponentially, data on the vertical distribution of ozone 
obtained from rocket measurements [17, 18, 99] to 70 km and extrapolated 
to 100 km were utilized. 

In the figures for ozone bands corresponding to A>0.3.u aerosol 
scattering was considered. The atmosphere. was.divided into several 
layers, within whose limits the scattering function’ was considered invariable. 
Computations of vertical and angular distribution of intensity of multiple 
scattered radiation were accomplished for the following wavelengths : 0.25 ; 
0.28 ; 0.32 # [16]. .In the region of strong absorption the intensity increases 
with iricreasing angle 8, especially at large 0. The intensity does not 
depend on 6 in the fringes for bands of weak absorption when @@ is small. 
This contradicts the results showing a neutral course for intensity of 
outgoing radiation [97]. This contradiction shows that the single-scattering 
approximation is extremely crude for fringes of the band where multiple 
scattering is known to exist. 

The spectral distribution of outgoing shortwave radiation can be 
determined by the spectral composition of the incident solar radiation and 
the optical properties of the atmosphere and the underlying surface. 

The greatest variation in the spectral structure of the outgoing 
radiation field may be observed for A2=0, especially at high solar altitudes. 
In this case the flux of radiation is approximately proportional to A-‘. 
For non zero values of surface albedo (A=0.25) the spectral dependence 
of outgoing radiation is noticeably weaker. 

Table 6.45 shows the result of computations of the spectral albedo 
of the earth-atmosphere system, i.e. Rayleigh’s atmosphere for any albedo 
value of the underlying surface. For selected albedo values of the surface 
the spectra! distribution of the outgoing radiation can bé determined’ by the’ 
spectral course in the selected. albedo value. 

In the case.of unselected albedo values for the earth’s surface, the 
albedo of the above system decreases with increasing wavelength. This 
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Table 6.45 Spectral albedo of the earth-atmosphere system— 
Rayleigh’s atmosphere [88] ~ 


nA : 
A cos 8 
3150 4000 5000 6000 7000 8000 
0 0.02 0.754 0.638 0.565 0503 0430 0.325 
0 0.10 0.705 0.552 0.396 0.247 0.154 0.094 
0 0.40 0.550 0.30 0.152 0.079 0.04 0.024 
0 0.80 0.400 ~—s0.181 0.085 0.039 0.022 0.013 
0 1.00 0.345 0.148 0.068 0.033 0.017 0.009 
0.25 0.02 0.791 0.712 0.665 0625 0.574 0.494 
0.25 0.10 0.752 0.643 0.536 0.427 0.362 «0.319 
0.25 0.40 0.623 0.445 «0.345 «= 0.298-—S«0.276 0.285 
0.25 0.80 0.492 0.347 0.293 0.271 0.260 0.257 
0.25 1.00 0.450 0.322 0.280 0.264 0.256 0.255 
0.80 0.02 0.922 0.910 0.904 0.896 0.885 0.865 
0.80 0.10 0.918 0.892 0.866 0.842 0.826 0.815. 
0.80 0.40 0.860 0.830 0.812 0.805 0.803 0.800 
0.80 0.80 0.811 0.798 0.798 ~—Ss«é.798 0.798 0.799 
0.80 ~ 1.00 0.794 0.792 0.794 0.796 0.798 0.799 


change is especially noticeable for A=0 and high solar altitudes. Reflection 
from the earth’s surface increases the albedo value for all wavelengths 
especially in the region of minimum attenuation of radiation, For A=0.80 
and high solar altitudes scattering in the atmosphere lowers the albedo 
value of the system slightly in comparison with the ground albedo. The 
spectral distribution for outgoing radiation (W/m? for 0.1 ») for A=0 and © 
different solar altitudes is given in Fig. 6.18. The distribution of energy 
‘in the spectrum of solar radiation outside the atmosphere’ is provided by 
Nicolet’s data (cf. Chapter 5). 

; The magnitudes of integrated flux of outgoing radiation for the 
region 0.32-0.80 uw depend to a large extent on the albedo value of the 
earth’s surface, especially. for high solar altitudes. For a variation in A 
from 0 to 0.80 the flux of the outgoing radiation for 64=0° increases from 
51.8 to 609.6 W/cm*. A corresponding variation in the albedo of the’ 
system in the first case consists of 0.067-0.792 and in the second 0.519- 
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Fig. 6.18. Energy distribution in the spectrum of outgoing radiation 
(W/m?, 0.1 u) at A=0 and at different solar altitudes 
(cos 5 @=1.03; 0.40; 0.20; 0.10; 0.02; 0.0). 


Dotted curve is the spectral distribution of outgoing scattered radiation [88]. 


0.890. Hence the albedo of the system depends on solar altitude, increases 
with a decrease in the latter for A=0 ‘and changes comparatively little at 
A=0.80. Approximate computations of the integrated (for the entire solar 
spectrum) albedo of the earth, as a planet, gave the value 7.6% [88] for 
A=0. Ifthe absorption effect of solar radiation is taken into consideration, 
this value decreases to 6.9%. 


10.2. Parallel plane model of a real atmosphere 


. In a real. atmosphere it is.necessary to take: into consideration scatter- 
ing and absorption of solar radiation in aerosol. In most investigations the 
absorption in aerosol and horizontal inhomogeneity of atmosphere are 
neglected. 
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In the two-parameter scheme of Shifrin and Minin [73] the mean 
standard model of the atmosphere was used, where the concentration of aerosol 
decreases exponentially [102]. A closed optical scheme of natural clear- 
atmosphere (not considering its curvature) was constructed so that it was 
possible to determine any characteristic of the atmosphere from a few known 
characteristics. Such a scheme requires the application ‘of the following 
empirical data: 1—aerosol structure-of clear atmosphere [102], 2—spectral 
transparency of atmospheric aerosol [107] and 3—form of scattering 
function in atmosphere [94]. 

The horizontal visual range at the level of the earth’s surface Dy and 
spectral optical thickness of the atmosphere t(A) are the initial parameters 
to be determined experimentally. 

‘The intensity of outgoing radiation can be computed for wemhied 
average of thé scattering function (A=0.55#) for different values of 
optical thickness of the atmosphere, albedo of surface, zenith angles of the 
sun and angles of sighting (73, 75]. From the given data it is possible 
to determine the intensity of outgoing radiation for any value of albedo 
between 0 and | within an error of 3%. Errors in computing the intensity 
of outgoing radiation according to Sobolev’s method used in [73] do not 
exceed 15% even for highly stretched scattering function and for large 
optical thickness (t=0.80) [3]. 

As the angle of sighting 8 increases, so does the intensity of outgoing 
radiation. Intensity increases almost linearly with an increase in the 
albedo of the underlying surface, but the ratio Jg—s5°/Ia—o0° decreases 


Table 6.46 Ratio of intensity of outgoing radiation at the horizon 
(8=85°) to the intensity at the lowest point (9=0°) [75] 


y° 
ag 0 90 180 0 90 180 0 90  —‘180 
D,=50 km, +=0.2 D,=20 km, +=0.3 D,=4 km, c=0.5 
A=0 
20 436 3.75 393 3.98 336 340 3.79 ° 3.11 3.08 
40 743 466 5.53 647. 3.92 435 738 343 3.68 


60 14.14 5.45 7.67 = 12.42 4.40 5.75 18.67: 3.67 4.28 
80 32.62 6.26 10.16 43.18 653 10.42 81.35 4.61 5.81 


A=1.0 
20 4.15 396 7.01 296 281 281 169 162 1.62 
“40 5.02 421 446 362 297 308 214 169 172 
60 763 #452 533 598 333 360 445 1.84 1.95 


80 20.24 5.29 7.51 23.52 4.63 6.64 25.90 2.43 2.79 
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(Table 6.46). As the zenith angle of the sun @ increases the intensity of 

outgoing radiation decreases at the nadir. 

Computations for brightness of the outgoing radiation for a two- 
layered plane atmosphere which is horizontally homogeneous were obtained 
for the case of pure scattering [7, 64], corresponding to the transition 
conditions in the visible region of the spectrum. In the upper layer 
(t’=}t} Rayleigh’s scattering function can be accepted, wheréas in the 
lower layer the functions accepted are stretched according to [94]. Re- 
flection from the earth’s surface is considered to be of the Lambert type. 
- Computations are carried out for different values of optical thickness t, 
zenith angles of the sun 04, azimuth }, angle of sighting @ and albedo of 
the earth’s surface 4. 

Isophot charts at the level of the upper boundary of the atmosphere 
[64] are considered for an analysis of angular distribution of intensity 
of outgoing radiation. Isophots are situated in the vicinity of parallels 
for large and small zenith angles of t e sun. Small azimuth variations in 
the intensity of outgoing radiation are distinctly shown. 

With an increase in turbidity in the atmosphere and angle of sighting 
the intensity increases for A=0. The intensity of outgoing radiation 
decreases as the extent of the scattering function increases. The dependence 
of the form of the function is relatively weaker, so that: anisotropy in 
scattering could be roughly considered in the first approximation. and the 
scattering could be assumed to be i isotropic if the angle of observation is not 
extremely wide. 

The difference between intensities of outgoing radiation corresponding 
to different scattering functions decreases as the albedo of the underlying 
surface increases. Consideration of the albedo of the underlying surface 
decreases the effect of anisotropy in scattering. | 

The following conclusions are derived on the basis of the eoninutations 
carried out [7]: 

“{. “The dependence of intensity Por outgoing Pediation: upon 6, 

and % for noticeable reflection from the earth’s surface (430. 2) i is. 

‘considerably counterbalanced ; 

2. Reflection strengthens the dependence of outgoing radiation from 
zenith distance of the sun @ 

3. The contribution to albedo i is insignificant for strong scattering 
(t=0.6, 06275°; $=0°) and minimum flux of direct solar 
radiation (@@>75°) ; 

4. It is possible to consider intensity of outsoing radiation indepen- 
dently of 64, 8 and t to a rough approximation for @ o=7s° 

‘and A> 0.2; 

5. For high positions of the sun reflection from the earth’s surface 

may increase the intensity of outgoing radiation 5-15 times. 
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Brightness. of the atmosphere for A=0 has a minimum either in the 
direction of the lowest point, or in the solar vertical and in vertical directions 
close to it, i.e. close to8=0°. The horizon on the side of the sun is brighter 
than the horizon on the opposite side almost by 20-30% for small 84 and 
by 50-100% for large 86 (86 275°). The brightness of the solar horizon 
rapidly increases with increasing atmospheric turbidity and the zenith 
distance of sun whereas the brightness on the side away from the sun changes 
slowly. Along other vertical directions the angular distribution of the 
intensity of outgoing radiation becomes more symmetrical and in the 
direction perpendicular to the solar vertical the distribution of brightness is 
completely symmetrical. The brightness does not change near the horizon 
for small angles 86 and for large 0 decreases twice as much as compared 
with the brightness in the direction of the.solar vertical. 

The solar horizon may appear brighter in Rayleigh’s atmosphere than 
on the opposite horizon. Molecular atmosphere turns out to be brighter 
than turbid atmosphere especially for small 8 and large 94. Turbid atmos- 
phere is brighter than Rayleigh’s only in the vicinity of the solar horizon. 

In a cloudy sky the outgoing radiation does not depend so much on 
the position of the sun-as in the case of a clear atmosphere [20]. 

For large albedo values A and small zenith angles of the sun 6 the 
difference between intensities of outgoing radiation in a Rayleigh and a 
non-Rayleigh atmosphere is small [7]. The course of intensity of out- 
going radiation with respect to 66 is considerably different for different 
angles of sighting [38]. Intensity of radiation in the direction 0=15° 
decreases slightly with increasing 84 ; the opposite behavior has been 
observed in the direction 6=75°. 

The results given above confirm the calculations for the parallel-plane 
model of real atmosphere [84, 85] where single scattering in aerosol 
is computed accurately, and multiple scattering in. molecules has been 
considered on the. basis of tables [89]. 

The data on ‘brightness of the real atmosphere considered as a plane 
when single scattering occurs in the medium and aerosol particles are 
distributed according to Young’s formula, is given in the form of tables 
[81]. The single scattering approximation is justified for small optical 
thickness. For large values of t multiple scattering in Rayleigh’s atmo- 
sphere can be evaluated from data in [89]. 

The computations on intensity of the outgoing radiation in the presence 
of sharply defined aerosol layers were carried out for the case of noctilucent 
clouds localized between 75 and 80 km [17]. ~ 

The results of computations on integrated intensity of outgoing’ 
shortwave radiation, including the visible and near infrared region of the 
spectrum, show that the general patterns of the angular distribution of 
outgoing radiation named above hold true for integral shortwave radiation 
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as well [74]. While computing integrated intensity [74] it is assumed that 
the earth’s surface reflects according to Lambert's law. Similarly com- 
putations have been accomplished for the case of non-Lambertian reflection 
in red atmosphere [4]. 

In the near infrared region of the spectrum computations on outgoing 
radiation have been carried out for strong absorption bands in water 
vapor and outside this band (A=1.68 »). Integrated intensity in the 
intervals AA =0.4-0.7 2 and SA =0.7-1.0u have been computed. It 
was shown that in the visible region of the spectrum, scattered radiation 
provides a noticeable contribution to the intensity of outgoing radiation. 
The angular distribution of intensity of outgoing radiation in the visible 
region for nonorthotropic reflective surfaces is illustrated in Fig. 6.19. 


1(d) 


85 60 40 20 0 20 40 60 85 0 20 40 60 85 °y 
y=0° y=180° y=90° 
Fig. 6.19. Dependence of intensity of outgoing radiation above sea in visible 
region of the spectrum (,=0.55 4, +=0.3) on the angle of , 
sighting 0 for }=0; 90 and 180°. 
1—nonorthotropic reflective surface [71]; 2—A=0 according to [71]; 
3—A=0.058 according to [75]; 4—A=0 according to [75]. 


The results of computations are available for the case of reflection. 
of solar radiation in a nondispersive layer of infinite thickness with strong 
anisotropic scattering [87] ; this condition results in the presence of a dense 
layer of clouds. It was shown that the albedo of an infinite layer increases 
with a rising zenith angle of the sun ; moreover, a thick layer of clouds 
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reflects nonorthotropically. Brightness of the horizon in the presence of 
the sun exceeds the brightness in’ the opposite direction. ‘There exists an 
explicit.dependence on the azimuth and a bright region has been observed, 
viz. the solar track, which is confirmed by airplane and sputnik measurements 
[21, 87]. 

Variation in the spectral composition of the outgoing shortwave 
radiation is caused mainly by the following three factors : 

1. scattering in fluctuating densities ; 

2. scattering on aerosol ; and 


3. selective absorption in water vapor in the near infrared region 
of the spectrum. 


Similarly it is necessary to consider absorption in ozone and carbon 
dioxide. In areal atmosphere as well asin Rayleigh’s, a slight decrease 
in the intensity of the outgoing radiation may be observed with increasing 

_ wavelength (for d=0). This dependence on A becomes extremely weak 
for A>0O; whereas an increase in intensity may occur for a large albedo 
(A=0.80) with increase in A. These variation could be explained by 
the combination of two factors as follows : 


1. intensity of radiation scattered by the atmosphere into the cos- 
mos always decreases with increase in A; and 
2. intensity of radiation reflected from the earth’s surface and 


attenuated by the atmosphere in any case increases with rising 
values of A for nonselective albedo. 


For real underlying surfaces with clearly marked spectral dependence 
of the albedo there exists a more complex relation between intensity of 
the outgoing radiation and A. Consideration of spectral variation of 
albedo has a decisive significance in the determination of energy distribution 
in the spectrum of the outgoing radiation [38]. . 

The effect of the horizontal heterogeneity of the atmosphere on the 
outgoing radiation has not been studied in detail. An estimate of the 
effect of horizontal heterogeneity showed that the flux of outgoing radiation 
computed while considering the heterogeneity of the radiation field may 
differ sharply from the corresponding flux computed with the assumption 
of isotropy -[38]. For instance, in the region 0< 6 <60° (for A=0) 
and in the region 60 <0<75° (for A=0.80) the isotropic flux can be 
twice as much as the flux computed while assuming arisotropy. 


10.3 Spherical model of the atmosphere 


Consideration of the sphericity of the atmosphere is one of the 
difficult tasks of radiation transfer. The transfer. equation of polarized 
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radiation in spherical atmosphere is considerably more complex than the 
corresponding equation for a two-dimensional atmosphere [100]. 

The following conclusions were arrived at from results of computing 
outgoing radiation in a spherical atmosphere [106], obtained for a model 
of pure scattering in Rayleigh atmosphere for reflection from the earth’s 
surface according to Lambert’s law. 7 


1. 


2. 


For A=0 an increase in the brightness near the edge of the light 
side of the planetary disc is observed. 

The maximum of reflected intensity shifts from the boundary 
of the disc toward the point below the sun when the albedo of 
the surface increases. 

The gradient of relative intensity is greatest in the direction of 
the large circle of the planet, including ‘incident and reflected 
rays which intersect at the center of the planet. 

The effect of multiple scattering on the intensity of the outgoing 
radiation is more clearly marked for small phase angles p, 
(the phase angle of the planet is the angle at the center of the 
planet between the direction of the sun and the direction of 
sighting) and for low magnitudes of A. For pp =16.26° and t=1.0 
an increase in intensity near the boundary of the disc on the 
illuminated portion of the planet can be observed; for t=0.25 
a minimum in intensity can be observed in the vicinity of the 


nadir. This effect disappears with the rise in p, and 4. 


For 9,=0 intensity distribution in the vertical direction is 
symmetrical. For large values of A intensity falls road the 
horizon, for small values of A the reverse is true. 

If p»=0 and A is small, then in the plane of the solar vertical 
an increase in intensity from the line dividing the illuminated 
and the unilluminated part of the planetary disc (terminator) is 
observed. For a high value of A the position of the maximum 
depends on p, and lies in the vicinity of the point below the sun. 
For high values of A an increase in brightness with rising t may 
be observed. This eflect decreases with increasing A, indicating 
the predominance of reflected radiation. 

The gradient of brightness in the vicinity of the terminator rises 
with increasing A. Higher order scattering has little influence 
of the value of this gradient, with the exception of the case of 


large angles p, and small values of A. 


An approximate computation of sphericity for the earth’s. atmosphere 
has been accomplished in [103, 104]. The problems of transfer theory of 
nonpolarized emission in a spherical atmosphere have been examined in 
detail in [41, 42, 51-54, 60, 61]. An analytical expression for the. mean 
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intensity of multiple scattering of light has been obtained for a constant 
coefficient of absorption [61]. A model of the spherical atmosphere was 
studied, in which the attenuation coefficient’ decreases exponentially with 
height [41]. The following quantities were evaluated with the help of 
results obtained : 


1. brightness of the planet in the vicinity of the terminator for an 
atmosphere of infinite optical thickness, for spherical scattering 
characteristics and phase angle py =90° (Table 6.47) ; and~~ 


2. brightness of zenith for terrestrial observations of different zenith 
distances of the sun (Table 6.48). 


‘Table 6.48 shows the values of J,, which is the intensity caused 
by scattering of the first’ order for spherical phase function: and J,—the 
intensity due to higher order scattering. The computations were carried 
out for a spherical function of scattering x(y)=1, for different values 
of zenith distances of the sun 0@; for optical thickness of atmosphere + and 
albedo of ground A. It follows from this Table that the relative role of 
higher order scattering changes only a little with the variation of zenith 
distance of the sun. However, this conclusion is based on the application 
of an approximate theory. 

The values of complete brightness of the zenith in spherical atmo- 
sphere for the Rayleigh scattering function are given in Table 6.49. 

The mean intensity of multiple scattering of light in a spherical 
‘atmosphere, whose density is a constant or changes exponentially, has 
been computed for the point below the sun and for terminator for at 
x(y)=1, wp=1 and t=0.1-0.3 [51-53]. For t=0.2-0.3 the radiational 


Table 6.47. Luminosity of the planet in the vicinity of terminator in units of 


10-3 = So.a (Sq, 2. is the solar constant) [41] 


8% I, I r % i I Vv 
80° 3B 148 145 90° 6.85 21:7 ) 
82 32.2 120 113 91 442 13.6 0 
84 25.8 92.6 82.9 92 2.52 771 0 
86 19.2 65.8 54.6 | 93 1.24 3,76 oO 
87 15.9 52.7 40.7 94 0.505 1.52 fn) 
88 ‘12.7 41.6 26.8 96 0.0425 . 0,127 0 
89 9.05. 31.0 13.3 | 98 0.0133 0.0396 0 
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Table 6.48 Values of J, and Aln in units of 


10-3 at So, (Sg, is solar constant) [41] 
T y 


Ig, t=0.1 4 Ip, t=0.3 
om i, ; I, 

A=0.2 A=0.8 A=0.2 A=0.8 
B0° 18.2 3.3 74 30.2 12.8 22.6 
82 17.2 2.9 6.0 26.2 11.0 18.4 
84 15.8 2.4 4.8 21.6 8.9 14.4 
86 13.7 2.0 3.4 16.2 6.6 10.3 
87 12.3 1.7 2.8 13.3 5.4 8.4 
88 10.6 1.4 2.2 10.4 4.3 6.5 
89 8.6 1.1 1.7 7.72 3.19 4.85 
90 - 6.35 0.8 1.18 5.38 2.20 3.35 
91 4.12 0.52 0.78 3.40 1.39 2.12 
92 2.34 0.29 0.44 1.92 0.78 1.17 
93 1.14 0.14 0.21 0.931 0.379 0.705 
94 0.458 0.057 0.087 0.375 0.152 0.232 
96 0.0382 0.0048 0.0072 0.0312 0.0128 0.0195 


98 0.0119 0.0016 0.0022 0.00975 0.00398 0.00600 


Table 6.49 Vertical luminosity in spherical atmosphere on earth for Rayleigh’s 


1 
scattering in units of 10-* — Sy, (S,,, is solar constant) [41] 
ro 7 


<04 1=0,3 
fo) 
A=0.2 A=0.8 A=0.2 A=08 

B0° 173 214 36.2 45.8 

82 16.0 19.2 31.0 38.6 
84 14.4 16.7 25.3 30.6 

86 12.2 13.7 18.9 22.4 

87 11.0 12.1 15.6 18.4 
88 9.33 10.2 12.1 i4.3 
89 7.54 8.14 9.0 10.6 

90 5.56 5.95 6.26 7.39 
91 3.62 3.87 3.94 4.67 
92 2.04 2.19 2.20 2.61 
93 -. 1.00 1.07 -.. --- 1.08 mH 1.41 
4 0.402 . 0.432 0.435 0.515 
96 0.0338 0.0362 0.0364 0.0432 
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regime along the terminator can be completely determined by multiple 

scattering. Similarly the brightness during twilight has been computed 

while considering molecular sphericity [55] and aerosol atmosphere [56, 

57]. The first order scattering for different angles of sunset at the horizon 

£@ and the height of spaceship at H=400 km were also evaluated. Table 

6.50 gives the values of the brightness aureole of the earth’s spherical 

atmosphere in case of pure Rayleigh sacttering (x(y) =} (1-++cos*y), ~=0°) 

and angles of sunset e@=2-4°. 

The brightness of the twilight halo of a spherical atmosphere consi- 
dering aerosol and multiple scattering was computed by the Monte-Carlo 
method [39, 40]. It was shown that for computation of brightness of 
the night horizon it is possible to take into consideration only first order 
scattering if the observer is situated sufficiently far from the line of the 
terminator. 

Computation of the intensity of outgoing radiation in the near 
infrared region for a spherical earth at the level of 300 km was carried 
out by considering single scattering and absorption in water vapor and 
carbon dioxide [1, 2]. The following fundamental conclusions were 
drawn. 

1. For A=0 an increase in intensity of radiation at the horizon out- 
side the absorption bands is sharper than within these bands. 

2. Intensity distribution for d=0 can be determined from zenith . 
distance of the sun, scattering function x(y) and the increase in 
optical thickness in the direction of the horizon. 

3. For A>0.1 the intensity distribution of the outgoing radiation: 
can be determined by the reflection of the radiation. For 
sufficiently high A the atmospheric brightness in the direction of 
the horizon falls. 

4. In the presence of a reflecting surface, the intensity of radiation 
at the nadir decreases with increase in t (A), since attenuation _ 
of solar radiation in the atmosphere before and after reflection © 
rises. For variation in t (A) from 0.2 to 0.5 above clouds the 
intensity of radiation changes only a little at the nadir since the 
contribution of scattered radiation is small in the layer above the 
clouds. 

5. The effect of atmosphere on the albedo of the earth-atmosphere 
system outside the absorption bands is insignificant. The value 
of the albedo of this system sharply decreases in the absorption 
bands of the atmosphere. In the near infrared region of the 
spectrum the atmosphere reflects back less than 2% of the incident 
solar radiation. 
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ve TOTAL RADIATION 


_ Problems relating to the study of direct and scattered radiation have 
been examined in Chapters 5 and 6. Direct and scattered radiation taken 
together represent the total shortwave radiation. The present chapter is 
devoted to the description of the patterns of variations in the total radiation 
with respect to the sun, atmospheric transparency, degree of cloudiness, 
period of sunshine and height of elevation above the earth’s surface. 


1. SPECTRAL COMPOSITION OF TOTAL RADIATION 


The spectrum of solar radiation registered at the earth's surface is 
very complex. The processes of scattering on air molecules, water droplets 
and other particles suspended in the atmosphere, the process-of absorption 
of radiation reflected from the earth’s surface, etc. are the fundamental 
processes which determine the transformation of solar radiation in the 
atmosphere in the ultraviolet and visible regions of the spectrum. 

The spectral composition of radiation recorded is extremely sensitive 
to variations in solar altitude and the optical state of the atmosphere and 
also depends on the nature of the underlying surface and the orientation of 
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the receptive surface of the apparatus. 

Extensive experimental investigations on the spectral composition of 
total radiation have been carried out by many researchers [25, 37, 38, 64, 
70, 79). ; 

Measurements carried out by a group of researchers [25] showed 
that the energy maximum in the spectrum (480 nm) at the earth’s 
surface is shifted relative to the spectrum outside the atmosphere 
by approximately 20 nm (Fig. 7.1). The extremes observed refer to the 
absorption bands of separate components of the atmosphere. The absorp- 
tion bands of oxygen (510, 630, 760 nm) and water vapor (720, 820, 930 
nm) are the most intense among these and a wide band, probably of extra- 
atmospheric origin, is situated in the vicinity of 430 nm. A decrease in 
the curvature of spectral distribution in the shortwave region of the spectrum 
is determined by the effect of the absorption bands of ozone (Hartley’s 
band) ; intense Fraunhofer’s lines are found in this droplet (365, 360, 
405 nm). 


cal/em?. min.“ 
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Fig. 7.1. Energy distribution in the spectrum of solar radiation. 
1) values outside the atmosphere; values at the earth’s surface in case of clear sky; 
Odessa, September 24, 1962 [26]; 2) m=1.45; 3) m=2.1; 4) m=5.6. 


The magnitudes of spectral fluxes of total radiation for a clear sky 
are given in Table 7.1. 

Table 7.2. is of interest because of the practical application of the 
results on the: measurement of radiation in different spectral ranges.. The 
data provide the ratio of spectral fluxes of total radiation for different 
masses of atmosphere to spectral flux, corresponding to the mass of atmo- 
sphere at zenith. 
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Table 7.1 Spectral fluxes of total radiation (cal/cm?. min, 1) at the level 
of the earth’s surface. Odessa, September 24, 1964 


XA Before noon ": Afternoon 


3286 0.03 0.06 0.10 013 0.14 0.13 0.12 0.08 0.05 0,02 
3533, 0.06 0.12 0.20 0.26 027 0.25 0.24 0.16 O11 0.05 
3864 0.12 031 060° 086 094 082 0.72 0.52 0.30 0.10 
4111 0.38 0.88 1.36 1.73 188 +4177 1.70 1.28 080 0.30 
4276 0.40 0.94 152 193 2.09. 2.02 1.84 1.32 0.86 0.32 
4318 0.38 O88 148 4189 2.02 193 180 1.30 084 0.3! 
4359 0.44 092 152 193 205 2.04 2.00 140 0.88 0.33 
4606 0.54 1.16 184 2.26 246 248 2.28 1.76 1.10 0.36 
4800 0.58 1.24 190 2.33 253 255 240 184 1.20 0.40 
5019 0.48 104 160 211 226 212 4190 1.44 0.92 0.30 
5432 044 096 144 -1.71 185 177 184 1.32 0.76 0.24 
6010 0.36 094 138 41.64 4178 41.80 1.76 124 0.70 0.20 
6258 0.34 0.80 1.24 1.56 161 165 1.60 1.20 0.72 0.19 
6505 0.38 O92 41.26 4160 157 4159 164 4116 0.72 0.21 
6758 0.52 1.04 1.64 1.93 192 188 1.92 144 0.84 0.21 
6918 0.36 080 1.26 1.55 157 156 152 112 0.60 0.12 
7083 0.40 092 140 164 162 1.59 1.56 1.16 0.68 0.20 
7248 0.30 0.74 116 .142 144 142. 132 100 060 0.17 
7455 0.40 0.90 1.32 1.56 168 1.74 1.56 1.12 0.64 0.20 
7620. 0.16 040 0.68 0.84 0.87 0.88. 0.80 0,60 0.32 0.08 
7744 0.40 080 1.28 41.60 157 149 4148 1.10 0.68 0.20 
7991 0.36 080 116 142 4150 145 136 1.04 064 0.18 
8157s «0.28 «0.66 «1.00 s1.24 «= 1.30) 1.20 «1.08 = 0.80) 0.48 0.15 
8569 0.34 0.72 1.08 128 137 133 120 096 056 0.16 
8900 0.32 064 O96 1.18 123 120 116 080 050 0.14 
9147 0.20 0.50 0.76 096 1.02 097 0.90 068 0.40 0.08 
9312 0.12 0.26 0.44 0.54 0.65 064 0.60 040 020 0.04 
9395 0.08 0.29 046 0.66 0.72 0.72 0.70 0.42 0.22 0,04 
9643 0.17. 050 084 106 1.10 096 0.84 060 0.38 0.06 
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Table 7.2 Ratio of spectral flux of total radiation for different atmospheric 
masses to spectral flux corresponding to atmospheric mass at zenith. 
Clear sky. Odessa, September 24, 1962 


m 

1A 
2.9 2.1 1.7 1.5 1.7 2.1 3.0 
3237 20 42 66 100 68 46 27 
3485 23 45 70 100 75 52 32 
3817 22 34 69 100 66 52 27 
4065 23 46 65 100 78 58 35 
4562 24 46 70 100 76 59 34 
5376 22 -50 72 100 84 56 29 
6691 28 52 82 100 86 59 32 
7334 28 54 79 100 82 56 29 
8512 - 28 54 79 100 80 61 34 


‘Condit and Grum [64] carried out detailed measurements on energy 
distribution in total radiation for different solar altitudes and conditions 
of cloudiness. They investigated radiation fluxes on a surface inclined 
at an angle of 15° relative to the vertical and azimuth (relative to the sun) 
angles of 0, 30, 45 and 180°, and similarly on a vertical surface as well as 
a surface perpendicular to the direction of the solar rays. ; 

The effect of a variation in solar altitude on the spectral composition 
of total radiation in the case of a clear sky is shown in Fig. 7.2. These 
measurements showed that the appearance of light smoke causes a 
“reddening” of total radiation. With the appearance of cloudiness the 
transformation of the spectrum becomes insignificant, whereas it vanishes 
in continuous dense cloudiness. The variation in the spectral composition 
of total radiation depending on different atmospheric conditions is shown 
in Fig. 7.3. Obviously, with the appearance of fog the “blue” component 
of the spectrum is noticeably diminished ; with the appearance of cloudiness 
it grows and only slightly exceeds the value for a clear sky in the presence 
of continuous dense cloudiness. 

The spectral composition of total radiation changes with the’ angle 
of inclination of the receiving surface. The total radiation is more “blue” 
for measurements on a perpendicular plane and more “red” for measure- 
ments on a normal plane as compared with incident radiation on a plane 
at an angle of 15°. 
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Fig. 7.2. Energy distribution in the region 15-0° of the spectrum of total 
radiation for solar altitudes of 8, 20, 40, 70° in the case of clear sky [64]. 


120 


100 


a 
S 8 


> 
i—) 


Relative energy 


is] 
t=) 


0 : : 
300 400 500 600 700A nm 


Fig. 7.3. Energy distribution in the region 15-0° of the spectrum of 
. total radiation for solar altitudes of 40° [64]. 
1—fog, 2—clear sky, 3—thin clouds, 4—continuous dense cloudiness. 


An increase in the azimuth causes the “blueness’”’ of the radiation 
in the sky. This effect is noticeable at low altitudes of the sun, whereas 
for solar altitudes close to the maximum it becomes weaker. One of the 
basic results of experimental investigations on the spectral composition 
of total radiation is the conclusion that the spectral distribution of total 
radiation in the region of the spectrum 0.35-0.80 p for cloudless and partially 
cloudy sky remains approximately constant in the course of a day. It is 
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not difficult to understand the reasons for the absence of a relation between 
spectral composition of total radiation and solar altitudes. A- gradual 
depletion of solar radiation in the blue and violet de occurs with the 
diminution of solar altitude, as a result of which a “‘reddening”’ of solar 
radiation may be observed. However the relative proportion of scattered 
light, richer in the blue and violet rays, in the total radiation rises as the 
solar altitude. decreases. This increase in the proportion of shortwave 
scattered radiation practically compensates for the attenuation of radiation 
in the blue and violet regions of the solar spectrum. Thus the spectral 
composition of total radiation does not undergo any substantial ‘variation 
with changing solar altitude. 


2. TOTAL RADIATION INCIDENT ON A 
HORIZONTAL SURFACE 


2.1 Dependence of total radiation on solar altitude 
(toy 

The flux of total radiation in a dledtese sky depends on 1 the latitude 
of the place, inclination and altitude of the sun, optical properties of the 
atmosphere and underlying surface. 

Measurements obtained at different geographic places show that the 
magnitude of the flux of. total radiation rises with the increase in solar 
altitude. Tables 7.3, 7.4 and 7.5 clearly illustrate. this dependence for the 
Arctic, Antarctic and- temperate latitudes [14, 15, 50]. It is possible 
to visualize from the data in these tables that in spite of a significant difference 
in the geographical location of these places there is almost no change in the 
observed intensities of total radiation at identical solar altitudes in a 

‘cloudless sky. 


Table 7.3 Intensity of total radiation in cloudless sky (cal/cm?. min) [14] 


‘Solar altitude, deg 


Station 
, 5 10 15 20 25 30 40 
Dreifuyushchie — 020. 033-047 O6f O74 £=— 
Cape Chelyuskhin 0.06: - 0.18 O31. 043- 056 O68 — 
Helsinki - 0.08 0.18 -0.30 042 0.55 0.66 0.86 
Pavlovsk ~~. -~ 909 O18 O29 0:41 0.55 0.69 0.96 -- 
Karadag — 018 032 045 056 069 0.93 


Blue Hill _ _.- — 0.31 0.44 0.55 0.69 0.93 
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The dependence of the flux of total radiation on the altitude of the 
sun can be analytically represented by the following formula : 


_ __S, cos ¢@ 
C= 14 Fee 85” ve 


where S, is solar constant; / = et) —. a parameter whose magnitude: 
depends on the properties of the atmosphere and the underlying surface 
(¢ — fraction of light scattered back, t, — optical thickness of atmosphere 
in-the direction of the vertical) ; $@ — zenith distance of the sun. . 

This formula was obtained independently by L. C. Makhotkin [43], 
M. E. Berlyand [7], K. Ya. Kondrate’v and G. P. Volkova [26]. 

The values of the coefficient f theoretically obtained by Berlyand for 
different months and latitudes are given in Table 7.6. Mean vaiues of the 
parameter / [4] over many years were obtained on the basis of observations 
in a clear sky at many places situated at different latitudes. 

Tables 7.6 and 7.7 show that the parameter f possesses an annual 
variation, which to a significant extent may be caused by the variation in 
the amount of water vapor in the atmosphere, variation in albedo of the 
underlying surface and other factors. The parameter f reaches a maximum 
value in June-July. The computed and measured values of parameter f 
are in close enough agreement among themselves. 

It is possible to make completely reliable computations of the daily 
variation of total] radiation with the help of the formula (7.1). In spite 
of its simplicity the formula enables us to establish a satisfactory correspon- 
dence between the computed and measured values of Q. 

To a first approximation there is a direct proportionality between the 
flux of total radiation and the altitude of the sun A@ on account of the 
linear dependence of one upon the other. ; 

In a more simplified form the dependence Q (h@) can be represented 
by the following equation : 


Q = 0.0252ke (7.2) 


as suggested by N. I. Chel’tsov [59]. The formula (7.2) cannot be 
sufficiently generalized and is applicable for computations to a first approx- 
imation. The coefficient of proportionality in the formula (7.2) changes 
not only for different places of observation but also at a specific place, since 
besides the dependency. Q (/@) there exist other dependencies, in particular 
the dependency on atmospheric transparency. 

In the case of cloudiness the relation between the flux-of total radiation 
and the altitude of the sun becomes considerably more complex. In the 
presence of continuous cloudiness in the lower stratum the flux of total 
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radiation varies approximately proportionally to the altitude of the sun; 
in the case of cloudiness of intermediate and upper strata this linear 
dependency is eliminated. 


2.2 The effect of cloudiness on the 
— incidence of radiation 


The cloudiness of different strata and forms exerts a varying influence 
on the flux of total radiation which may increase or decrease. In the 
case of clear solar disc (©?) the appearance of cloudiness leads to an increase 
in Q since scattered radiation increases significantly. As a result of a 
marked decrease in direct solar radiation on the projection of clouds on 
solar disc (©, ©°, C)* the magnitude of total radiation varies considerably. 

It is possible to evaluate the effect of 10 tenths cloudiness on the 
magnitude of Q from Table 7.8. Also Table 7.9 shows the results of 
observations on total radiation under conditions of moderate sunshine 
for 10 tenths cloudiness in the upper stratum. These results were obtained 
by B. M. Gal’perin [15] for different geographic regions. The Table. 
shows that in regions with large repetitions of atmospheric fronts in 
summer periods the clouds of the upper stratum, which differ in density, 
considerably decrease the total radiation. 

If the mean values of Q in moderate sunshine are only slightly lower 
than for a sun free from clouds, especially for Cu, then they decrease 
sharply on transition to weak sunshine. 


Table 7.8 Dependence of intensity of total radiation (cal/cm?. min) 
on forms of clouds in 10 tenths cloudiness [4] 


Altitude of sun, deg 
Form of cloud 


0-10 10-20 20-30 30-40 40-50 50-60 
St 0.06 0.10 0.17 0.24 0.40 = 

Sc 0.06 0.11 0.19 0.23 0.31 0.40 
Ac 0.06 0.14 0.30 0.35 0.45 0.66 


Clear 0.08 0.30- 0.56 0.80 1.06 1.23 


* ©*—solar disc completely uncovered ; ()—moderate sunshine 
©°—weak sunshine; C—sun completely covered by clouds. 
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Table 7.9 Mean values of total radiation in cloudiness 
© of 10/0 Ci, Ci and Cs (cal/em*. min) [15] 


Altitude of sun, deg 
Region 


Central Asia 0.18 0.30 0.41 0.52 0.64 0.74 0.86 0.97 1.04 
Southern region of USSR . 0.17 0.28 0.40 0.51 0.63 0.74 0.86 0.98 1.06 
Far East region of USSR 0.14 0.24 0.36 0.47 O59 0.70 0.81 0.93 1.04 


North West region of Euro- 
pean Territory of USSR 0.15 0.25 0.35 0.46 0.56 0.66 0.77 0.86 0.94 


Airplane measurements of total radiation in the Arctic region [55] 
show that the presence of cloudiness over ice increases total radiation 
on an average by 5%, over water surface—on an average by 13%.. 

A smaller collection of clouds at a high altitude, i.e. the presence 
of cloudiness in upper and intermediate strata, and .strong secondary 
reflection of shortwave radiation in clouds in. the Antarctic region entail 
an increase in the flux of total radiation, comparable with the arctic region. 
The data of measurements of Q given in the article by N. P. Rusin [50] 
provide a fairly complete picture of the variation in total radiation with 
respect to the solar altitude and cloudiness in the Eastern Antarctic region. 
The magnitude of the intensity of total radiation can differ widely on 
account of the secondary reflection of shortwave radiation from the lower 
boundary of cloudiness as well as with respect to the density of clouds 
in different regions of the Antarctic region for the same form of clouds. 

Averaging of the results of observations on total radiation in moderate 
latitudes [13] for different forms and quantities of clouds and also depending 
on the state of the solar disc, shown in Table 7.10, indicates that the total 
radiation attenuates most markedly in cloudiness of the lower stratum, 
which completely absorbs direct solar radiation. Clouds of the upper 
stratum exert less influence. A variation in the state of the solar disc . 
causes a significant variation in the flux of scattered radiation, so that total 
radiation undergoes a lot of variation in 10 tenths cloudiness of the upper 

-stratum. --The fluctuation in radiation: is- considerably less in ©° than. in 
©? and ©. The data in Table 7.10 show that total radiation, when the 
solar disc.is uncovered and there is considerable cloudiness of Cu or Ac 
(Sc) types, exceeds radiation in clear sky by almost 20%. 
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The accumulation of experimental data leads to the necessity of ana- 
lytically defining the relation between total radiation and cloudiness. 
The formula, suggested by Angstrém relates 24-hr amounts of total radiation 
in cloudiness and without clouds with respect to duration of sunshine in 
the following manner, viz ; 


EQ—e=20[ 14(I-9 = ], (7.3) 


where Q2, DQ are the diurnal amounts of total radiation in cloudy 
and clear sky respectively ; s, sy—actual and probable periods of sunshine 
in hours; and y=0.235. Angstrém’s formula was later defined more 
accurately for different geographic positions [62, 72, 77]. 

“On the basis of observed data S. I. Savinov [52, 53] suggested the 
following formula : 


Q=S (1—a) (1—en), (7.4) 


where S—direct solar radiation in clear sky, n=1—S, $—ratio of true 
observed amount of direct solar radiation to the possible amount in a 


clear sky, c=constant, a , where D-—scattered radiation in- clear- 


sky. 

Savinov-Angstrém’s formula given below is applied most often 
in climatological computations for the determination of the amount of 
total radiation : 


EQg=EQ [1—(1—ke)ne], (7.5) 


where 2Q, and %Q are the actual and probable amounts of total radiation; 
kz=Q,/Q is an empirical coefficient defining the transmission of short- 
wave radiation in clouds, and ng is mean degree of cloudiness in fractions of 
unity. 
The computations carried out by T. G. Berlyand [9] provided 
information about the variation in coefficient kg with respect to the 
latitude of the locale which brought about a change in a number of factors, 
especially the physical properties, form and density of cloudiness, solar 
altitude and albedo value. Table 7.11 shows only the general picture 
of the. variation in coefficient kg with latitude which, however, varies not 
only with latitude but with the time of year, -and similarly with longitude 
and altitude above sea Jevel and with respect to the form of clouds. 
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Table 7.11 Variation in coefficient K, g with latitude [9] 


? 75 70 65 60 55 50 45 40 
kg 0.55 0.50 0.45 0.40 0.38 0.36 0.34 0.33 
? 35 30 25 20 15 10 5 0 


‘Ag 0.32 0.32 0.32 0.33 0.33 0.34 0.34 0.35 


The values of coefficient kg for niné places in the Soviet Union 
(Table 7.12), arising from the data on observation for total radiation, 
were computed by E. P. Barashkova [3] using the improved formula of 
Savinov-Angstrém (7.5). 

Observations made in the mountain region showed that the coeffi- 
cient kg rises with elevation. This is clearly manifested in the winter 
months, since the presence of snow increases the reflection of shortwave 
radiation (Table 7.13). 

On the basis of observations made in the Alps, J. Dirmhirn [65] 
suggested the application of the following formula for the determination 
of values of coefficient kg wa respect to altitude H of the point of obser- 
vation above sea level : 


ky=0.01 (2140.03H). (7.6) 


For conditions in the Caucasus and Tyan’ Shan’, Borzenkov [11] 
modified the relation suggested by Dirmhirn and computed coefficient ky 
according to the following relation : 


ku=0.01 (ky-+0.05H), (7.7) 


where ky. is value of kg at ground level, which rises with increasing latitude 
and attains a maximum value beyond the Arctic circle. 

It was established by Marshunova [42] from data on computations 
at Arctic stations that besides latitudinal variation there exists a change 
in coefficient kg with longitude. .The values of coefficierit for conditions 
in the Arctic region are shown in Table 7.14.°’ 

From the observations of diurnal amounts of total radiation measured 
in Pavlovsk and Sverdlovsk and similarly from the information on cloudiness 
and atmospheric phenomena from April to October, Gal’perin [16] obtained 
reasonably complete data on the relation between kg and mean daily 
cloudiness for different forms and types of cloud. 

The average value-.kg=0.22, indicated by B. M. Gal’perin for the 
case of continuous cloudy cover of the lower stratum, corresponds to the 
value «=0.23 obtained by Angstrém. According to the observations of 
Dirmhirn [65] «=0.22-0.23 and according to S. Tams [80] «=0.18-0.22. 
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Dirmhirn’s data virtually coincide with Tams’ data for 5 tenths Ac clouds. 
The value of coefficient kg he obtained equals 0.85. With an increase in 
points of cloudiness the coefficient kg diminishes more significantly than 
for clouds situated at a lower level. 

In Albrecht’s formula [61] for computation of radiation, in analogy 
to the formula [7.5], the coefficient kg can be evaluated from the relation : 


= ( me ) # (tn) 


ny 


n : ‘ : ; : 
where (+) is ratio of total cloudiness to lower, ¢ (4m)—mean 
1 Fy 


maximum altitude of the sun for a given month. - For the determination 
of function f and ¢ Albrecht suggested the following expression : 


ny 


f (=) = ( 0.615+0.157 ts) 


(for E> 4 the function maintains a constant value 1.243) and : 


9 (im) =0.50-+40.14th (=45—) 

The value of functions fand ¢ are given in Tables 7.15 and 7.16. 

All the formulas given above take into consideration the relation 
between total radiation and mean cloudiness and, as is obvious from the 
measurement data, the quantity Q undergoes different variation with 
respect to the stratum of cloudiness. This relation may be expressed in 


the following form : 


Qe=Q[l— (amta m+cu m )], (7.8) 


where 7, 11, M ‘are the amounts of clouds of lower, intermediate and 
upper layers in fractions of unity ; ¢1, ¢, ¢, —coefficients of radiation 
attenuated in clouds of the corresponding layers which may: be obtained 
from the relation : 


ca 2 (7.9) 


Qi 


Here Q, is the total radiation in continuous cloudiness of the corresponding 
stratum. Computations provide the following mean values of the coeffi- 
cients, Viz : : 


434 Radiation Characteristics 


eral 
ola'l 
Gso'l 
868'0 


an 
96I°T 
6E0'1 
288'0 


Gro'l 
OBI'T 
£20'1 
998'0 


[19] (74) 4 Gopouny jo sanjen gt'2 FIQeL 


(19) ( 


ty 
By 


chet €bo'l 
6PI'T fell 
2660 9L6°0 
seo'0 618'0 
¥ & 


) f vopouNy zo sanfeA SIL 


*19%L 


Total Radiation 435 


¢=0.8, 4:=0.5 ; cy=0.2 for ho> 20° ; 3 Cu=0:4 for io <20°. 
According to data of Haurwitz [69] using an 11-year period of observations, 
¢;o70.8 ; 1-2 0.5-0.6. . 

P. P. Kuz’min [39, 40] and V. S. Samoilenko [54] who used a relation 
of the following type : 


Qe=Q[1—a m—Ciy (ng—mi)], (7.10) 


(where ¢iy—coefficient for intermediate and upper cloudiness) obtained 
the following values of the coefficients: 

6, =0.67, cy=0.14 (P. P. Kyz’min); 

6)=0.76, ¢jy=0.37 (V. S. Samoilenko). 

Berlyand and Novosel’tsev [8] theoretically evaluated the magnitude 
of the coefficients Cj. For clouds of lower stratum with thickness equal to 
800 m, q = 0.8 during summertime in the European Territory of the 
Soviet Union ; moreover, it varies from 0.70 to 0.82 for a variation in solar 
altitude from 10 to 60°. The value of ¢ also increases with an increase 
in solar altitude ; on an average it equals approximately 0.5. For 
cloudiness of upper stratum : 

Cyu=0.4 for hq =10°; ¢y=0.3 for hq =30°; .and ¢, =0.2 for ko =50°. 

The computed values of coefficients are in close agreement with the 
empirical values given above. 

An analysis of the results of observations shows that the dependency 
on the degree of cloudiness is not linear. In view of this Berlyand [9] 
suggested the use of a quadratic relation for the computation of the amount 
of total radiation follows : 


TQe=EQ [1—(2-+bng) ne], (7.11) 


where a and 6 are constants, 6=0.38, a varies with altitude as shown in 
Table 7.17. 


Table 7.17 Dependence of coefficient a on altitude [9] 


0 5 10 (15 20 25 30 35 40 
a 0.38 040 040 039 037 035 0.36 038 0.38 
g? 45 50 55 60 65 70 75 80 85 
‘a 0.38 0.40 90.41 0.36 #025 O18 O16 O15 0.14 


The application of formula (7.11) guarantees high accuracy in 
computation. 
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2.3. The dependence of total radiation 
on the duration of sunshine - 


V. N. Ukraintsev [56] studied the relation between total radiation 
and duration of sunshine with, the object of simplifying the evaluation 
of amount of total radiation and suggested the following formula : 

ZQ=—ms-+n, (7.12) 
where ZQ is the mean diurnal amount of total radiation on a horizontal 
surface, s-is the duration of sunshine in hours; m,n are empirical coefficients, 
averaged over altitudes. The mean monthly values of these coefficients 
are shown in Tables 7.18 and 7.19. The coefficients m and n change in 
the course of a year and with respect to latitudes. The accuracy of this 
formula was verified by Berlyand at many places, and thus it was established 
that the deviations of computed amounts from measured values do not 
exceed by 5-10% in summer-and during winter the difference is some- 
what larger. ; ; 

In analyzing the recordings of actinometric observations for 
different locations in the USSR, Barashkov [3] showed that the Ukrain- 


Table 7.18 Mean monthly values of coefficient m for different latitudes [56] 


Latitude Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 


35° N 28.0 -32.0 35.5 39.0 40.0 41.6 42.7 393 35.5 30.8 286. 26.1 


40 22.5 27.0 335 38.0 37.55 39.5 - 39.0 360 33.4 263 23.2 19.4 
45 17.5 22.0 306 365 35.5 368 35.0 32.2 306 22.7 182 14.6 
50 13.0 17.0 265 33.0 33.3 34.3 31.7 28.1 268 203 15.2 11.4 
55 96 142 21.9 30.0. 31.2 31.8 299 266 23.8 18.1: 12.0 7.6 
60 7.0 11.5 17,3 25.2 29.0 29.3 286 260 210 15.7 92 4.1 
65 —_ 95 138 17.7 245 25.7 27.0 243 179 16 67 — 
70 — — 12.3 #125 160 21.0 23.3 206 135 74 — _ 


Table 7.19 Mean monthly values of coefficients n at different latitudes [56] 


Latitude Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 


35° N 130 160 200 250 280 300 290 270 230 200 140 120 


40 100 130 160 200 220 230 220 200 170 150 100 90 
- 45 70 100 130 160 180 190 180 170 140 110 80 65 
50 50 80 110 150 160 170 160 150 130) §6100 55 40 
55 30 60 100 140 [45° 160 145 130 120 80 35 25 
60 15 42 95 125 135 150 130 110 90 50 20 12 
65 _ 30 85 190 230 200 160 90 70 mo — —_— 


70 _ _ 85 270 400 300 250 170 100 40. — = 
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tsev formula must be correct for computation of the amount of total radiation. 
The coefficients m and n, for instance, at many locations depend linearly 
on the solar altitude at midday, determined on the 15th of the month under 
examination. ; 

S. I. Sivkov [49] suggested a formula which relates the monthly 
amounts of total radiation to the duration of sunshine in a month Sp 
and. to the solar altitude A@noon at midday on the 15th of the month, thus : 

> Q =0.0049 (5m) 1°31-+-10.5 (sin A@noon) *? . (7.13) 
This formula enables us to determine monthly amounts Q in the interval 
of latitude 35-65° within an error of +10%. , rs 

The nomogram (Fig. 7.4), constructed according to formula (7.13), 
can be applied to quickly determine the approximate value of the monthly 
amounts of total radiation. 


Fig. 7.4. Nomogram for approximate determination of 
monthly amounts of total radiation [51]. 


hg—solar altitude at midday. 
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2.4 The effect of atmospheric turbidity on 
total incoming radiation 


The variation in the flux of total radiation may be caused not only 
by a change in solar altitude and cloudiness but also by a change in the 
optical properties of the atmosphere and underlying surface. 

With an increase in transparency the flux of direct solar radiation, 
appearing as a component part of total radiation, increases, whereas the 
flux of scattered radiation decreases. However, a decrease in the flux of 
direct radiation is not fully compensated for an increase in the flux of 
direct radiation resulting in an increase in the flux of total radiation with 
increased transparency at all latitudes, with the exception of winter months 
_ at high altitudes (y~70°). In summer the tota] radiation increases by 
18-22% and in winter by 21-26% for a change in coefficients of transparency 
from 0.70 to 0.85. 

It is possible to see from data in Table 7.20, obtained by Pyatnenkov 
[45] in the Arctic region, that total radiation changes at constant albedo 
for a variation in the transparency coefficient from P,=0.780 to P,=0.830 
by 0.01 cal/em?- min at ho=5°, and for h@=25° by 0.06 cal/cm?- min. 


Table 7.20 The dependence of total radiation on solar altitude 
and atmospheric transparency for 4=0.70-0.90 [45] 


Solar altitude, deg 


P, 
5 10 15 20 25 
0.830 0.10 0.25 0.40 0.56 0.71 
0.780 0.09 0.21 0.37 0.51 0.65 


Insofar as transparency changes with respect to specific local condi- 
tions, on. account of these variations the latitudinal course of total radiation 
is altered to a considerable extent. Table 7.21 shows that the difference 
in coefficients of transparency for places situated almost at the same latitude 
causes a variation in the flux of total radiation. 

Gal’perin [13] showed that a noticeable variation in Q with respect 
to time, caused. by the variation in atmospheric transparency, takes place 
during the change of seasons. Thus, for instance, in July Q was 97% of 
average magnitude and in April and October it is 106 and 103% respectively. 
Variation in atmospheric transparency cause the mean values of total 


Total Radiation 439 


Table 7.21 Variation in total radiation with respect to 


variation in atmospheric transparency [1] 


es ccns Coefficient of - Monthly 
Latitudinal zone Month Location transparency amount for 


P, central zone 
55-57° July Moscow (9=55°45’) 0.760 20910 
Sverdlovsk (9=56°50’) 0.792 21710 
41 -43° May Vladivostok (?=43°07 ) 0.738 20970 
Tashkent (?=41°20’) 0.794 22330 


radiation to be less in the middle of summer than in early summer when the 
solar disc is fully uncovered, or there is moderate sunshine or cloudiness 
of 2-3 and 4-5 tenths. 

In the case of a clear sky the difference in the flux of total radiation 
on account of variation in transparency may be about 12%, for 6 tenths 
cloudiness it is approximately 38%, and under continuous cloud. it can 
become 68%. , 

Averkiev [1] examined the question of variation of total radiation in 
the case of a clear sky depending on the variation in atmospheric trans- 
parency in different months for latitudes of 40, 50, 60 and 70°. 

The greatest absolute variations in total radiation with respect to 
the turbidity factor occur at high solar altitudes. For instance, at ho= 
41.7° (m=1.5) a variation in the turbidity factor between 2 and 4 leads to a 
change in the intensity of total radiation from 1.03 to 0.88 cal/cm?- min., 
for hg =11.3° (m=5) the change is from 0.20 to 0.22 cal/em? - min. 

Using actinometric recordings at the networks, Sivkov [49] and 
Pivovarov [48] obtained the relation between intensity of total radiation 
and solar altitude at different atmospheric transparencies. 


2.5. Variation in total radiation with albedo 
value of underlying surface | 
In order to obtain the most accurate values of total radiation it is 
necessary to take into account the effect of the albedo of the underlying 


surface on the incident total radiation. In view of this, Averkiev [1] 
suggested the following formula for computation of total radiation : | 


Qn=2( 75 -)- (7.14) 


where Qa—total radiation considering albedo of underlying surface A, 
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Q —total radiation computed by Averkiev for different months, 
Y, —fraction of reflected radiation, returning to the earth, 
Yr =0.2+0.5 ng (ng= cloudiness in fractions of unity). 
It is especially important to consider the effect of albedo in the presence 


of snow cover. This is illustrated in the data of Pyatnenkov [47] 
(Table 7.22). , 


Table 7.22 Dependence of total radiation upon h@ and albedo 
of underlying surface [45] 


‘Altitude of the sun, deg 
5 10 15 20 25 30 35 40 


830 Q, 0.10 025 040 056 0.71 = 
Q, 008 O21 034 049 0.63 = 
Q/Q, (125 19 118 114 113 =— 

780 Q, 0.09 O21 037 O51 065 0.76 093 1.06 

Qs 0.07 0.18 032 045 058 O71 083 0.96 
QQ, 128 LIZ 116 113 112 LL Lal 1.10 


Remarks: Q, at A=0.70-0.90; Q, at A=0.08-0.20. 


This dependence is more distinctly observed in probable monthly 
amounts of total radiation. Thus, for instance, P,=0.780 at. constant 


coefficient of transparency, but at different albedo values it was shown 
that : 


A=0.70-0.90 Y0=26.3 keal/em?. mon. 
: x 
A=0.08-0.90 > 0=22.9 kcal/cem?. mon. 
: .. VI 


i, e. on account of an increase in albedo the probable amount Q rose 
by 15%. 

' Fig. 7.5 shows the variation of intensity of total radiation with respect 
to altitude of sun 4@, atmospheric transparency P and albedo A. 

‘It is necessary to take into consideration the magnitude of the area 
whose albedo influences the incident total radiation while evaluating albedo 
values. The albedo value of the surface entering into the formula (7.14). . 
represents a mean value of albedo for a particular region, surrounding the 
point of observation with a radius given by : 


r = 2h, tan?, 
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Fig. 7.5. Dependence of total radiation 4@, P,, and A, in clear sky [47]. 
At 4=0.70-0.90; (1) P,=0.860, (2) P,=0.800, (3) P,—0.740; 
At A=0.08-0.20; (4) P,=0.800, (5) P,=0.740. 


where hg —height of cloudiness, ’—angle between the normal and the 
direction of the segment of cloudy layer from which reflected radiation is 
admitted. 

If hg = 4 km, then r = 35 km, and when Ag = 2 km, 7 = 15-20 km. 

These values are extremely important for stations located on islands 
where albedo possesses two values in the vicinity of the dividing line 
between land and sea. Computations for the case of a cloudy sky enabled 
Pyatnenkov to determine the distance rm, for which the influence of the 
albedo of any underlying surface (in particular, sea) will be maximum. 
For tm = 500 m (i.e. instrument is situated at a distance of 500m from 
the sea) the magnitude of the influence of sea albedo on incident radiation 
is 8-10%, at rm = 50 m, it is 35-40% whereas the influence of sea albedo 
disappears at 7, = 2-3 km. 


3. VARIATION OF TOTAL RADIATION WITH ALTITUDE 


3.1 Vertical distribution of total 
radiation in clear sky. 


Observations on net radiation and ‘its constituents, primarily total 
and reflected shortwave radiation, were similarly carried out from airplanes 
and free balloons [5, 6, 12, 17, 18, 20, 22-24, 27-29, 36, 41, 46, 51, 57, 58, 
60, 67, 68, 75, 76]. 
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The aim of these investigations consists in studying the attenuation 
factors of shortwave radiation in the atmosphere and obtaining information 
about the magnitude of the radiation flux of heat due to shortwave radiation - 
at different levels in the atmosphere. 

Scientists in the USSR employed standard actinometric instruments 
for measurements of radiation flux. They devised special methods of 
measuring and handling of data, of studying the characteristics of the 
instruments under varying conditions of the surrounding medium. Many 
difficulties and errors arises in the application of standard actinometric 
apparatus for measurements in free atmosphere. For their construction the 
following had to be taken into consideration: receiving surface of the 
instrument is not horizontal, optical inhomogeneity of the underlying 
surface, the dependence of the apparatus on temperature and pressure of 
air, the effect of the reflection of radiation from the frame of the airplane 
or balloon, variation of zonal and spectral distribution of the radiation 
flux, difference in the temperature regime of the radiation receptor and 
galvanometers, and similarly obtained results of variation with respect 
to time. ; , 

The most elaborate method of airplane measurements with the help of 
pyranometers was developed by Kastrov (20, 21, 58]. In order to include 
the variation in flux of total radiation caused by a change in solar altitude, 
the measured shortwave flux is derived at a given time according to the 
following empirical formula : . 


FY 
ee 8 2s his (7.15) 
©  S*sin ho 


where m= cosec h@ is the atmospheric mass in the direction of the sun, 
Fy downward flux of shortwave radiation, SS —solar constant for a 


given day, A@ — altitude of the sun, a and.b are empirical constants. It 
is necessary to have -data on measurements at one level for different values 
of m in order to determine a and 6. The number of atmospheric masses 
for an arbitrary height H above the surface can be determined from the 
following relation : 

pu 

be’ 


where my, py are the number of atmospheric masses and pressure of air at 
the. surface, u is the pressure of air.at the level H. _..  ..... 

The suggested method of deduction can be employed ony in hee case 
ofa clear sky. The appearance of large optical inhomogeneity in the 
atmosphere introduces significant errors in the data derived. 


my = Ma, 
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Airplane measurements at moderate and high altitudes show that 
flux of total radiation in the troposphere rises according to the elevation 
by 0.05 kcal/em? - min for 1 km; moreover, this gradient decreases slightly 
with altitude. 

Pyatovskaya [46] carried out numerous measurements on the flux 
of shortwave radiation in the lower stratum of the troposphere over various 
homogeneous surfaces at all seasons of the year in the case of a clear sky 
and in cloudiness of not more than 2 tenths. Measurements showed 
that the total radiation almost always increases with altitude,-a decrease 
being observed only when the sun is covered by invisible cirrus clouds. 
_The gradient of total radiation for layers of 0-1, 1-2, 2-3 km and for distinct 
seasons of the year according to data from flights is given in Table 7.23. 
From the Table it is obvious that the gradient of total radiation decreases 
with altitude, viz. in the layer between 0-1 km it constitutes on an average . 
0.076 calfcem?-min-km, in the -layer between 2-3 km it is 0.034 
cal/em? - min- km. 4 Q is considerably higher in spring and summer than 
in autumn and winter. 


Table 7.23 The gradient of downward flux of radiation 
according to seasons (cal/cm?~+ min * km) [46] 


Thickness of layer, km 


Season 
0-1 1-2° 2-3 0-3 
Winter 0.045 0.046 0.021 0.037 
Spring 0.115 0.050 0.015 0.060 
Summer 0.120 0.078 0.070 0.089 
Autumn 0.052 0.036 0.028 0.039 
Mean 0.076 0.052 0.034 0.056 


Early actinometric measurements with airplanes and balloons enabled 
scientists to obtain an idea of the variation in radiative fluxes only in the 
lower part of atmosphere, up to 5-8 km. Wider possibilities opened up 
with balloon probing. - The elevation of the actinometric apparatus 
[27-29] in unmanned balloons to a height of 25-30 km enabled scientists 
to obtain complex information about profiles of radiation fluxes and meteo- 
rological elements, and similarly to explain the relation between them and 
estimate the influence of cloudiness on radiative fluxes. 

The vertical profiles of total radiation for clear days (Fig. 2. 6) 
can be divided into three series ; viz. the upper curves relative to flights 
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conducted under high sun (h@=52-60°) ;.i.c. when the variation in the 
altitude of the sun is 4-5° in the course of the flight. The two lower 
curves, being the vertical profiles of Q, were obtained at an earlier hour 
than the first, when h@ changed by 10° in the course of the flight. The 
value of the flux of total radiation is slightly less in this case, and the varia- 
tion in the entire flight constitutes at most about 0.5 cal/em’+ min. The 
third series of curves refers to a low position of the sun around 19.5° and 17°. 
In these flights the altitude of the sun varied by approximately 1° during 
the time the apparatus was airborne. The greatest variation in total 
radiation, in the lower stratum of probing, was caused by high turbidity 
in the lower layers of the atmosphere and attenuation of solar radiation 
in fog. 


Qcal/cm*.min 


_—— 
——_——-— 
_— 


1000 800 600 400 200 p mb 


Fig. 7.6. Vertical profiles of total radiation in case of clear sky [28] _ 
(1) June 7; 1961; (2) Nov 14, 1961; (3) May 25, 1962; (4) May 30, 1962; (5) June 
12, 1962; (6) July 7, 1962; (7) July 12, 1962; (8) Nov 22, 1962; (9) July 19, 1963. 


The total radiation increases with the range of elevation of the 
apparatus. However, the gradient varies considerably with height. If 
it constitutes about 0.25 cal/cm? - min for the first series of curves in the 
lower layer at 500 millibars, then. it diminishes to half its value for. the 
500-15 mb layer. ‘The variation in gradient Q is connected not only with 
the height of the apparatus, but also with the variation in solar altitude 
during the ‘time of the flight. The value of the flux of total radiation 
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decreases along with a diminution in A@ in the course of the entire flight. 
Q varies approximately by 0.36 cal/cm?- min on the variation of k@ by 5° 
and for A h@=10° it varies by 0.52 cal/cm? - min. 

According to the data of Pyatovskaya [46], the relation between Q 
and he at different levels is not linear, and the change of total radiation 
at different levels for low solar altitudes (k@<20°) is considerably less 
than at large angles. Attenuation of total radiation in the 0-3 km layer 
constitutes on an average 0.18 cal/cm? - min. 

Information about total radiation up to a height of about 30 km 
-obtained by a group of researchers [27-29] remains unsupplemented. and 
it is not possible to carry out a comparison with data for other geographical 
locations but it should be observed that the value of the flux of total 
radiation in- 1.28 cal/em®~ min obtained by L’vova [41] at a height of 
14.9 km for 4@=48°, corresponds to the data from one of the flights 
described in [28] in which the value of the flux of total radiation con- 
stitutes 1.26 cal/cm? . min at a height of about 15 km for the same solar 


altitude. 
) 
Wipe 2 


Q calfem? .min 
1.6 


1000 800 600. 400 200 0 pmb 


Fig. 7.7. Vertical profiles of total radiation in the presence of cloudiness. 
(1) June 22, 1962; (2) July 4, 1962; (3) July 6, 1963; (4) Oct 23, 1964. 
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3.2 Influence of cloudiness on total radiation 
in a free atmosphere 


In the case of variable cloudiness (Fig. 7.7., curves 1 and 2) it is 
dificult to talk of any pattern of variation in the flux of radiation with 
the height. The situation may be simplified if continuous dense cloudiness 
is observed (curves 3, 4) as happened in the case of the 12th flight (curve 3) 
carried out on July 6, 1963 when Ci, As and St were observed in an ag- 
gregate of 10 tenths cloud in the layer between 1.9 km and 3.1 km, or in 
the 17th flight (Oct 23, 1964) when continuous stratocumulus cloud was 
observed in the layer between 1 km and 1.9 km. If in the case of variable 
cloudiness the total radiation experiences most of the intermittent variations 
then in the presence of continuous cloudiness Q varies sharply by a factor 
of one or two depending on the number of cloudy layers. Sharp differences 
in the values of the flux of total radiation between the 12th and 17th 
flights were similarly caused by the difference «in solar altitudes. In the 
12th flight A@ =55.2-60.5°, and in the 17th flight h@ =26-24°. 


4. RADIATIVE HEATING IN THE TROPOSPHERE 
AND STRATOSPHERE 


4.1 Absorption of shortwave radiation 
in a free atmosphere 


It is possible to estimate the magnitude of absorbed radiation and 
radiative heating from a knowledge of net radiation and its: constituents 
in the troposphere and stratosphere. 


On measuring the upward flux F t and downward flux F + of . 
aw aw 


shortwave radiation at different levels in free atmosphere, it is possible to 
-evaluate the balance of shortwave radiation thus : 


BL (2)=F,4 (F(a). (7.16) 


The absorption of radiation in the layer 2z,-z, will be equal to the 
difference measured at levels z, and z, given as follows : 


g=B, (z:)—B. (4): (7.17) 


The radiative variation of temperature (radiative heating), brought about. 
by absorption in radiation can be determined from the relation : 


dT 1 7] 
= wet (7.18) 
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where ¢)—specific heat at constant pressure, p—density of air. 

Going over from altitude to the corresponding values of pressure, and 
considering 4 p=p gdz and expressed in cal/cm®- min it is possible to 
estimate the radiative variation of atmospheric temperature in degrees 
per hour from the formula : 


dT 0.981 x 60x q - 9 
——S= == — =245 = 7.19 
dt 0.24 (p.—p,) Op sEAY) 


Here p, and p, are pressures in millibars at altitudes Z, and z, respec- 
tively. : 

These formulas hold good only in the case of horizontal optical 
homogeneity of the atmosphere and the underlying surface. In reality 
this condition may not always be observed. - 

V. G. Kastrov [20] carried out an evaluation of heating in the absence 
of horizontal optical homogeneity of the underlying surface and atmosphere. 
If the underlying surface under examination has a high albedo value 
(4=0.82) and.the surrounding surface has rather low albedo values 
(A=0.27) then the influence of the horizontal optical inhomogeneity of 
the underlying surface should be considered while working with data at 
heights above 1 km. If the ratio of albedo values is reversed, then the 
effect of horizontal optical inhomogeneity is insignificant. 

The airplane measurements showed [18] that the effect of optical 
inhomogeneity is slightly reduced if the measurements are carried out 
over an underlying surface which has been divided into sufficiently small 
segments, i.e. 5-10 km. 

Actinometric airplane measurements showed that the value of the 
shortwave radiation absorbed in the lower troposphere varies considerably 


Table 7.24 Absorption of solar radiation ¢ according to 


seasons (cal/cm?- min) [46] 


Thickness of layer, km 


Season 
0-1.0 1.0-2.0 2.0-3.0 0-3.0 
Winter 0.041 0.028 0.019 0.088 
Spring 0.105 0.040 0.014 0.159 
Summer 0.105 0.072 0.044 0.221 
Autumn 0.028 0.022 0.019 0.069 


Mean 0.070 0.041 0.024 0.135 
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from layer to layer. It is obvious from the data’in Table 7.24; obtained 
by N. P. Pyatovskaya [46], that the radiation absorbed changes noticeably 
in the course of a year and.decreases with height. For a layer of 0-3 km 
on an average over a year the value of g is 0.135 cal/em? + min whereas 
according to the data of N. I. Goisa [17} it is a little less than 
0.125 cal/cm? - min. ; 

The fundamental properties of vertical profiles of absorbed shortwave 
radiation can be determined from measurements of flux absorption from 
descending radiation in water vapor, aerosol, and clouds, from the variation 
in the flux of shortwave radiation reflecting the inhomogeneity of the under- 
lying surface and from the atmosphere itself. 

According to the data from balloon probing up to an altitude of 
30 km [30], in the case of a clear sky and in the absence of strong 
horizontal heterogeneity the magnitude-of absorbed shortwave radiation 
increases with increasing thickness of the Jayer of probing. The gradient 
of absorbed shortwave radiation decreases as the layer of probing increases ; 
it attains a maximum value in the lower layer of 200 millibars (Table 7.25). 


Table 7.25 Absorbed shortwave radiation in layers Pioq9—/2 [30] 


Flight number 
pmb : 


1000-950 —0.009 0.085 0.051 0.103 0.089 = 0.060 0.235 
1000-900 —0.003 0.116 0.093 0.152 0.128 0.100 0.259 
1000-850 0.025 0.142 0.128 0.207 0.158 0.129 0.277 
1000-800 0.054 0.166 0.140 0.239 0.170 - 0.156 0.289 
1000-750 0.067 0.180 0.143 0.269 0.183 0.189 0.294 
1000-700 0.073 0.185 0.149 0.283 0.201 0.225 0.303 
1000-650 0.081 0.185 0.160 0.287 0.213 0.229 0.310 
1000-600 0.088 0.177 0.179 0.288 0.235 0.246 0.314 
1000-550 0.098 0.159 0.201 0.290 0.261 0.247 6.320 
1000-500 0.109 0.141 0.228 0.300 0.277 0.254 0.328 
1000-450 0.116 0.125 0.249 0.315 0.289 0.257 0.333 
1000-400 0.120 0.115 0.266 0.326 0.302 0.260° 0.338 
1000-350 0.126 0.102 0.278 0.349 =. «0,321 0.269 0.345 


1000-300 -— 0.083 0.288 0.377 0.337 0.277. ~~~ 0:350° 
1000-250 _ 0.077 0.293 0.382 0.354 0.284 0.355 - 
1000-200 - 0.076 0.291 0.385 0.362 0.299 0.355 
1000-150 - 0.077 0.285 0.378 © 0.362 0.315 0.365 
1000-100 _— 0.102 0.278. | 0.369 0.362:.  - 0.329. 0.354- 
1000-50 _ 0.136 0.303 0.340 0.379 0.356, 0.363 
1000-15 _ 0.148 0.350 0.286 0.413 0.395 0.376 


Cee, 
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The vertical profile of absorbed radiation, computed for 50 millibar 
layers, is considerably more complex. The highest values of absorbed 
radiation have been recorded in a lower layer of 50 mb. Sometimes they 
can be replaced by the minimum values in the neighboring 50 mb layer 
(Fig. 7.8). To some extent this is explained by the fact that detailed 
vertical profiles of heat flux and the quantity g refer to layers in which the 
absorbing mass decreases with altitude ; moreover, in the given case the 
influence of horizontal optical heterogeneity is considerable. 


{so Cal/em? - min 


1000 800 600 400 200 p mb 


Fig. 7.8. Vertical profiles of absorbed radiation [31]. 
1—For conditions of cloudiness see Fig. 7.6. 


In spite of considerable differences between distinct profiles it is 
obvious that the layer 1000-800 mb most strongly absorbs shortwave 
radiation. - 

A noticeable inhomogeneity of the underlying surface and consi- 
derably distorted vertical profile of shortwave balance can lead to the 
appearance of negative values of ¢,9. This has no physical significance 
and once again confirms the necessity of formulating a more refined 
method of measurement and computation (at the time of ascent the balloon 
may rise to a considerable height above the starting point, and this denotes 
the fact that the optical properties of the underlying surface and atmosphere 
may vary considerably). 

Computations on absorption of shortwave radiation in water vapor 
according to Moller’s [73] and Kastrov’s [19] formulas, accomplished 
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by many researchers, showed that basically the observed values considerably 
exceed the computed values. An increase of measured absorption over 
absorption on account of water vapor can be caused by the presence of dust 
in the atmosphere, as shown by Kastrov [20, 22, 58] and other researchers 
[17, 46, 57]. These investigations showed that the role of dust in overall 
absorption on an average is the same as that of water vapor. Absorption 
in dust present in the atmosphere can be greater than the absorption of 
shortwave radiation on account of water vapor. 

Sometimes the values of excessive absorption undergo rather wide 
variations, for instance, around Minsk in 1951-1953, very large coefficients 
of absorption in the lower layer (15% in 1 km) were recorded, but in 1955 
excessive absorption was not detected [23, 51]. Excessive absorption was 
not noticed in measurements carried out by-Fritz [67] and Berezina [6]. 

According to the data of Pyatovskya [46] absorption on account of 
water vapor 4H,O decreases with altitude ; it is at a maximum in summer 


Tables 7.26 Increase in observed values of absorption of shortwave radiation 
over values of absorption on account of water vapor in layers 
with thickness ~,o)—/z and 50 mb [31] 


Flight number Flight number 

Ap mb a ee Ap mb _ we 

3 4 9 10 3 4 9 10 

(=k) | Gate 
AH,O Provo — Pz AH,O 50 

1000-950 3.5 5.4 5.6 4.6 1000-950 3.5 54 5.6 4.6 
1000-900 3.8 4.3 4.0 3.9 950-900 4.2 3.0 2.5 3.2 
1000-850 3.6 42. 3.3 3.4 900-850 — 3.1 39 1.8 2.4 
1000-800 2.8 3.7 2.8 3.1 850-800 0.9 2.1 0.9 2.2 
1000-750 2.3 3.4 2.7 3.0 800-750 0.2 2.0 17 2.5 
1000-700 - 2.0 3.0 2.7 2.9 750-700 0.5 08 2.5 2.6 
1000-650 1.8 2.6 2.6 2.6 700-650 0.9 0.2 1.8 0.3 
1000-600 1.8 2.3 2.7 2.5 650-600 1.7 0.08 3.8 2.1 
1000-550 1.9 2.1 2.8 2.4 600-550 2.2 02 39 0.2 
1000-500 2.0 2.0 2.7 2.3 550-500 33° 10 18 1.0 
1000-450 2.0 2.0 2.6 2.2 500-450 3.0 1.7 1.2 0.4 
1000-400 2.1 2.0 2.5 2.1 450-400 5.7 -16 2.2 0.6 
1000-350 3.2 2.1 2.6 2.1 400-350 10.0 5.2 6.3 2.2 


1000-300 2.3 2.2 2.7 2.1 350-300 12.5 96 8.0 2.0 
1000-250 2.3 . 2.2 2.8 2.1 300-250 0.0 3.1 24.3 1.9 
1000-200 2.3 2.2 2.9 2.2 | 250-200 —28 —38. 6.2 6.2 
1000-150 2.2 2.2 2.8 2.2 200-150 —6.7 —100 0.0 3.2 
1000-100 2.1 2.1 2.8 2.3 150-100 —3.9 —22.5 0.0 140 
1000-50 2.3 1.9 2.8 24 100-50 2.3 —12.1 4.2 5.4 
. 1000-15 2.4 15 28 24- 50-15 ‘50 —3.4 2.6 2.6 
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and at a minimum in winter. Taking the average over a year for the layer 
0-3 km AH,O comprises 0.042 cal/cm?. min. 

The computations obtained.in [30] showed a noticeable increase in 
measurement of absorbed radiation over the calculated values. Measured 
absorption in shortwave radiation is greater than AH,O by 1.8-5.6 times. 
The most excessive absorption occurs in the lower layers of the atmosphere, 
from 50-200 mb in extent (Table 7.26).: Further increase in the thickness 
of the layer changes the ratio g/ A H,O very little: 

In the case of layers at 50 abe the increase in observed values of 
absorbed shortwave radiation over radiation absorbed in water changes 
noticeably from layer to layer and even changes sign. On the one hand 
this is connected with a horizontal optical inhomogeneity of the atmosphere 
and the properties of the vertical distribution of moisture, and on the 
other hand with the defects in the methods of determining radiation. 

The values of gj 4H,O, obtained by Pyatovskaya [46] for the lower 
troposphere, decrease with altitude and change unnoticeably with season. 
Averaged over a year this ratio equals 3.2. 


4.2 Radiative heating of the troposphere 
and stratosphere 


Absorption of shortwave radiation by. the atmosphere leads to the 
heating of the troposphere and stratosphere. The rate of radiative heating 
can be evaluated from the relation (7.20). According to data from air- 
plane measurements the values of radiative variations in temperature caused 
by absorption of shortwave radiation vary within wide limits from 0.01 
to 0.3 deg/hr. Kastrov [22] obtained the following values for different 
layers of atmosphere from the observed data : 


Zav < 1 km =o. 08-0. 01 deg/hr 


Ilkm < Zy < 3 km aan =0.09+0.01 deg/hr 


3km < zy <5 km a =o, 06-+40.01 deg/hr 


The rate of radiative heating changes not only with altitude but also in 
the course of a year. Pyatovskaya’s computations showed that radiative 
heating comprises 0.10 deg/hr when averaged over a year for the layer 
0-3 km; and N. I. Goisa [17] gave values close to this number. Shlyakhov 
[60] obtained values of radiative heating of air of same order (0.1 deg/hr) 
through airplane measurements in the Antarctic region. V. I. Belov [5] 
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obtained a rate of radiative heating of 0.6 deg/24 hrs for coastal regions 
of the Antarctic region and Antarctic slopes for a layer of 0.2-2 km, and 
for a layer 3.2-4.0 km a value of 0.4 deg/24 hrs; for sea covered by ice ina 
layer 0.2-2 km 47 §0.5 deg/24 hrs, whereas in a layer 2-4 km ae 
0.25 deg/24 hrs. 

_ The values of radiative heating obtained by a group of researchers 
[24] for a layer of atmosphere of 0.5-5 km in the region of the spectrum 
0.3-2.5#, varied within the limits 0.09-0.23 deg/hr and worked out at 
0.13 deg/hr when averaged over all flights. These data are in close 
agreement with the data of Roach [75]. Radiative heating equals 0.16 
deg/hr in the region of the spectrum 0.6-0.25 p. 

_ The values of radiative heating, according to data obtained in high 
altitude actinometric probings (Table 7.27), decrease in proportion to an 
‘increase in the layer of probings. Only in the case of a very dusty lower 
layer of probing does an increase in heating occur, and it becomes practi- 


Table 7.27 Radiative temperature variations (deg/hr) on account of absorption 
of shortwave radiation in layers p499,—/z [30] 


Flight number 
pmb 


1000-950 —0.033 0.298 0.201 0.436 0.404 0.294 0.323 
100C-900 —0.006 0.237 0.203 0.343 0.301 0.245 0.529 
1000-850 0.037 0.204 - 0.194 0.321 0.250 0.211 0.399 
100C-300 0.061 0.185 0.162 0.282 0.204 0.191 0.321 
1000-750 0.062 0.163 0.134 0.255 0.176 0.185 0.267 
1000-700 0.056 0.142 0.117 0.225 0.162 0.184 0.232 
100C=550 0.054 0.122 0.108 0.196 0.147 0.160 0.205 
1000-600 0.052 0.103 0.106 0.173 0.142 0.151 0.183 
1000-550 0.051 0.083, 0.106 0.155 0.141 0.134 0.167 
100-500 0.052 0.066 0.109 0.144 0.135 0.124 0.154 
1000-450 0.050 0.054 0.108 0.138 0.128 0.114 0.143 
1000-400 0.048 0.045 0.106 0.131 0.122 0.106 0.134 
1000-350 0.046 0.037 0.103 0.130 0.120 . 0.101 0.126 


1000-300 _— 0.028 0.099 0.130 0.117 0.097 - 0.119 
1000-250 _ 0.024 0.094 0.123 0.115 0.093 0.113 
1000-200 _ 0.023 0.088 0.117 0.110 0.092 0.106 
1000-150 _ 0.022 0.081 . 0.108 0.104 -0,091 0.100 
1000-100 _ 0.027 0.075 0.100 0.098 0.090 0.094 
1000-50 —_ 0.034 0.077 0.087 0.097 0.092 0.092 


“1000-15 © _ 0.037 0.086 0.071 0.103 0.098 0.091 


Total Radiation 453 


.cally stationary at higher altitudes, zee varies very markedly in the lower 


troposphere from flight to flight. 

The vertical profiles of radiative temperature variation computed for 
layers of 50 mb (Fig. 7.9) vary widely during transition from one layer to 
another. The reasons for this. variation were discussed above. 


p mb. 
Fig. 7.9. Vertical profiles of radiative temperature variation [30]. 
For conditions of cloudiness see Fig. 7.6. 


The results of theoretical computations of the radiative heating of 
the troposphere from absorption of solar radiation conducted by London 
[71] give a value of 0.004-0.025 deg/hr for clear sky and 0.004-0.033 deg/hr 
for a cloudy sky. Moreover a maximum of radiative heating is appro- 
ximately situated in the zone from 2 to 4 km. Above 5 km the 
values of radiative heating show a decrease. “These maxima cannot be 
detected from experimental data as shown above. 

The radiative temperaturé variation caused by absorption of radiation 
in water vapor is considerably less than the observed values. _ This can be 


visualized from.the data in Table 7.28. The ratio (d T/dt) qsol (f ) H,0,, 


changes within wider limits than the ‘ratio (dT /dt)q/(dT/dt)izo and even 
changes sign. ‘This occurs due.to the fact that in-the higher layer of atmo- 
sphere the absorption of radiation from water vapor is very small, but from 
measurement of data it becomes noticeable.. The radiative heating of 
water ‘vapor comprises in a a_ thousandth part of a degree in an 
hour. . 
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Table 7.28 Increase in the observed radiative heating over radiative 
heating due to absorption of shortwave radiation in water vapor 
in the layers Piog9—fz and 50 mb thickness [31] 


Flight number - Flight number 


Ap mb Ap mb 
3 4 9 10 3 4 9 10 
d dT dT dT 
(F-)6/ (Zz) 0 Cae ar a 

1000-950 33 44 47 3.8 1000-950 33 44 47 3.8 
1000-900 36 35 34 32 950-900 38 23 21 26 
1000-850 28 36 2.7 28 900-850 28 29 #15 2.0 
1000-800 24 32 32 2.5 850-800 08 18 #O8 419 
1000-750 22 27 #29 24 800-750 02 16 16 22 
1000-700 18 24 27 24 = 750-700 05 O07 24 24 
1000-650 18 23 25 24 700-650 09 02 #%4L7 03 
1000-600 190232529 «6510-600 1.7 0.07 36 2.1 
_ 1000-550 20 21 23 2.3 600-550 23 O02 38 0.2 
1000-500 21 20 20 22 550-500 31 O98 17 10 
1000-450 28 21 £21 £22 500-450 38 #17 #1300«(O5 
1000-400 29 22 24 21 450-400 66 17 22 06 
1000-350. 3.0 24 26 2.1 . 400-350 7.2 50 75 22 


1000-300 3.0 2.6 2.7 2.0 350-300 11.2 104 13.8 2.4 
1000-250 2.9 2.5 2.7 2.1 — 300-250 14.0 3.7 28.6 3.1 
1000-200 2.7 2.5 2.5 2.1 250-200 —4.8 4.6 12.0 9.2 


1000-150 24 23 24 20 200-150 —76 —265 00 389 
- 1000-100 21 21 22 21 150-100 —5.3 —723 00 87 
1000-50 18 #16 2.1 1.8 . 100-50 85 —16.3 136 ° 98 
1000-15 0.7 03 07 08  — 50-15 3.7 —2.5 24 3.0 


In computations carried out by Kastrov [20] for data averaged over 
a year it was shown that (+) /() 54, whereas in some 
at Jq/ \.dt Jo 


cases this ratio attains a. value of 6. 

N. P. Pyatovskaya [46] obtained a value of this ratio equal to 4.7 
when averaged over a year for the layer of less than 1 km, whereas for the 
layer 0-3 km it is 3.2. Moreover, the ratio (+) vi ( 7) de- 

; 3 dt jq dt J "1,0 
creases with altitude from layer to layer inthe course of all seasons of the 
year. This. bears witness to the: fact’ that aerosol contributes substantially 
to the radiative heating. 
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4.3 Effect of cloudiness on radiative heat inflow 


The vertical distribution of radiative fluxes is most markedly dis- 
torted .by cloudiness. 

It is possible to directly determine the amount of transmission, absorp- 
tion and reflection of solar radiation in clouds through actinometric measure- 
ments made from airplanes. Unfortunately, lack of sufficient quantities 
of experimental data prevents scientists from solving this problem completely. 

Sufficiently complete measurements on transmission and absorption 
of shortwave radiation in stratiformis clouds were carried out by Neuburger 
[74] in 1948 and by Chel’tsov [59] in 1952. Measuring the upward 
and downward fluxes of shortwave radiation, Neuburger discovered that 
for St type of clouds of thickness around 450m _ the value of absorbed 
radiation changes from 5 to 9%. 

The measurements of Chel’tsov, conducted for-different forms of 
stratiformis clouds during spring and autumn, showed that the magnitude 
of transmission of solar radiation is closely connected with the albedo value 
of clouds and depends on the thickness and form of clouds. For Ac with 
thickness of 200 m it amounts to 43%, for Sc of the same thickness it is 
59%. When the thickness of the layer Sc increases to 500 m the magnitude 
of transmission diminishes to 24%. The mean values of absorption accord- 
ing to the data from 26 flights carried out by Chel’tsov in Arkhangelsk, 
is 3.5% and according to data from 16 flights over Moscow it is 7.2%. 

This difference in values is caused, by an increase in the thickness of 
the clouds over Moscow. The mean rate of radiative heating, corresponding 
to the values of absorption obtained, amounts to 0.23 deg/hr for Arkhan- 
gelsk, and 0.31 deg/hr for Moscow. _ 

_ Airplane measurements of total radiation, carried out by Timerev’ 
[55] in the Arctic region enabled scientists to evaluate the attenuation 
of. total radiation in clouds from the relation : Z 


Py= 1F8r x10, 


where Pg is the total attenuation of radiation as a percentage, and Q; 
and Q, are the total radiations at the upper and lower boundaries of cloudi- 
ness in cal/cm*- min respectively. 

The magnitude ‘of attenuation of total radiation decreases with the 
solar altitude and comprises 13% on an average for Ci, Cs; St, Sc—59% ; 
As-Ns and Ac—60% ; As—38% and Ac—37%. 

According to Koptev’s [36] measurements carried out in the Arctic 
region, layers of cloud of 10 tenths (Sc and St) of thickness between 200- 
500 m absorbs 2-8% radiation, and for any increase in liquid phase in clouds 
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under conditions existing when precipitation occurs, and for clouds of 
thickness 300-800 m the absorption of radiation rises to 27%. 

A magnitude of absorption of radiation around 20% was obtained as 
a result of three airplane flights carried out by- Fritz and MacDonald [68] 
over complex systems of frontal cloudiness with the upper boundary at 
the level of 7-8 km. 

In one of the flights, carried out by Gaevskii [12] in the summer of 
1952, it was shown that Cu cong clouds with lower boundary at a height 
of 1.3 km and upper boundary at 2.7 km absorb up to 21% of shortwave 
radiation. 

Robinson [76] derived values of approximately the same order. 
Through airplane measurements he obtained a mean value of absorbed 
radiation equal to 22%. 

Computations carried out in [63] showed that above the peaks of 
clouds absorption of shortwave radiation is greater than at the same altitude . 
in a clear sky, which in all probability is connected with the increase 
in moisture in the first case. The absorption decreases below the lower 
boundary of clouds. Within the clouds it is a little greater than at the same 
level in a clear sky. 

‘While carrying out an evaluation of the rate of radiative heating for 
a cloudy sky in the Antarctic region Belov [5] observed that the value of 
radiative heating above the clouds remains approximately of the same 
order as in the absence of clouds whereas at the same time below clouds 
the radiative heating decreases by 1.5-2 times as compared with a clear 
sky. 

The wide variations in the radiation flux during transmission through 
clouds introduces significant variations in radiative heating, which may 
change from 0.086 to 0.339 deg/hr at the upper boundary of cloudiness. 
Moreover, accurate values of absorbed radiation and radiative heating can 
be obtained only through simultaneous measurements on the upper and 
lower boundaries of clouds. 

The available information on the absorption of shortwave radiation 
and radiative heating in the case of a cloudy sky indicates a considerable 
variation in their values. 

’To a great extent absorption of shortwave radiation and radiative 
heating depend on the thickness, form, water content and height of clouds, 
for which accurate values are not always known. 


5. INCIDENCE OF TOTAL RADIATION ON 
- AN INCLINED SURFACE - 


Fluxes of total radiation on an inclined ‘surface can be determined 
by the.same factors as fluxes on horizontal surfaces as well as by. the angle 
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of inclination and azimuth of the surface with respect to the azimuth of 
the sun. The fluxes of total radiation on inclined surfaces similarly depend 
on the albedo of the underlying surface and other surrounding objects. 
The evaluation of fluxes of the total radiation on inclined surfaces is a very 
complex problem. 

In order to determine fluxes of total radiation on differently inclined 
surfaces it is necessary to use the data for a horizontal surface and the 
relative values of fluxes for inclined surfaces. The relative values for 
inclined surfaces can be determined as a ratio of flux of total radiation on 
a given inclined surface Qin to the flux of total radiation on horizontal 
surface Q in identical conditions. If the relative magnitudes are to be 
denoted by fin (Ain=Qin/Q.), then the flux Qin can be determined by the 
simple relation : 


Qin=hin Q. (7.20) 


The relative values of the fluxes depend mainly on the solar altitude 
and orientation of the surface and to a lesser extent on the albedo of the 
underlying surface and atmospheric transparency. Thus the measure- 
ments obtained at one place can be used for any other place, if the albedo 


10 20 30 40 50 6 70 r%& 


Fig. 7.10.‘ Dependence of magnitude of relative flux of total radiation 
(S+D+r) in %o 
ait oo aes 


relative to azimuth. of sun in cloudless sky [32]. 


on the altitude of sun for slopes with azimuth 180° 
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of the underlying surface does not change too much. In the presence of a 
snow cover the relative values of fluxes differ noticeably from the values 
obtained for summer conditions [33]. The relative values of fluxes of 
. total radiation for differently oriented surfaces in clear atmosphere are 
graphically represented in Figs. 7.10-7.12 [32]. The curves are con- 
structed from measurements at latitude ¢=45° N at varying solar altitudes 
for summer periods. The angles of inclination of the surfaces relative to 
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Fig. 7.11. Dependence of values of relative flux of total radiation—S+2+) 10% 


S4D 
on the solar altitude for slopes with azimuth 90° and 270° {32]. 
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Fig. 7.12. Dependence of values of relative flux of total radiation oe “fo 
on solar altitude for slopes with azimuth 180° relative to 
azimuth of sun under cloudless sky (32]. 
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the horizontal plane are marked on the curves. In all the cases, with the 
exception of slopes inclined toward the South, the incidence of total radia- 
tion on the slope is less than on the horizontal surface. 

In the presence of a snow cover, when the albedo of the surface is 
60-70%, the relative values of the flux of total radiation increase, especially 
in case of steep slopes [33]. | 

It is obvious from data of Table 7.29 [44] that at Ag > 30° southern 
and eastern (western) slopes, situated at #=60°N, receive more total 
radiation than horizontal surfaces at solar altitudes hg <30°, only eastern 
and western slopes receive more total radiation than the horizontal surface. 


7.29 Relative. values of flux of total radiation Q1n/Q on differently 
oriented surface in a cloudless sky [44) 


Slope Slope 


- o ee °° 
° ie °o 
ho # 5 eastern 5 ho i 5 eastern 5 
s and s s and $$ 
Z western s 2 western $ 
50 10 1.13 1.03 0.87 30.)0— 10 1.05 1.23 0.94 
20 1.20 1.03 0.73 20 1.05 1.47 0.85 
30 1.26 1.04 0.57 30 1.05 1.62 0.77 
40 1.27 1.04 0.39 40 1.04 1.76 0.67 
60 1.22 0.80 0.18 60 0.90 1.85 0.40 
90 0.97 0.50 0.19 90 0.62 1.71 0.27 
40 10 1.08 1.15 0.89 20 10 0.98 1.28 1.01 
20 1.13 1.26 0.76 20 0.95 1.63 0.99 
30 1.16 1.34 0.63 30 0.90 1.92 0.97 
40 1.17 1.41 0.48 40 0.85 2.07 0.91 
60 1.07 1.39 0.23 : 60 0.67 2.30 0.75 


90 0.79 1.15 0.21 90 0.45 2.21 0.48 


Approximate computations on the flux of total radiation on an in- 
clined surface under a clear sky can be made from individual constituents. 
Thus the flux of direct solar radiation can be computed exactly from the 
following formula : 


Sin=S (cos @ sin ko+sin « cos k@ cos Yn) (7.21) 


where S is flux of direct solar radiation on a perpendicular surface, «— 
angle of inclination of the surface, $i, —azimuth of surface with respect 
to the azimuth of the sun. 
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The flux of scattered radiation on an inclined surface can be approxi- 
mately evaluated for the case of isotropically scattered radiation by the 
following formula : 


Din=D cos? (7.22) 


The flux of reflected radiation on an inclined surface for isotropic 
reflection can be computed from an analogous formula as follows : 


a 


Rig=R sin? , (7.23) 


where R is flux of reflected radiation on horizontal surface. 

In reality, the scattered and reflected radiations are essentially non- 
isotropic. At high solar altitudes, when the fraction of scattered radiation 
is large, it is necessary to take into account the nonisotropy of scattered 
radiation. At high solar altitudes the flux of total radiation on slopes can 
be evaluated by assuming scattered radiation to be isotropic. 

The daily course of the flux of total radiation depends mainly on 
the orientation of inclined surfaces caused primarily by a variation in the 
angle of incidence of the solar rays. The daily course of total radiation 
differs considerably for surfaces of different orientation [35]... The maxi- 
mum. for. total radiation on southern slopes has been observed at midday. 
For western and eastern slopes the maximum shifts «with respect to midday 
and the amount of displacement depend on the angle of inclination of the 
slope.’ According to -observation at 45° N the following relation for shift- 
ing of maximum for time Af to the angle of inclination of the surface 
« was obtained : , 


‘adeg ~ 5 10 15 20 30 50 70 90 
Athr-min 0:30 1:00 1:15 1:30 2:00 3:00 3:00 4:00 


For a vertical surface, oriented toward the north, three maxima of the 
incident. total radiation have. been observed ; weakly expressed midday 
maximum, morning and evening. The last two are caused by the appearance 
of direct solar radiation and are distinctly expressed. 

The daily amounts of total radiation for differently oriented inclined 
surfaces depend mainly on the orientation of these surfaces, as is evident 
from the data of Table 7.30 [35]... The values’ ZQin/=Q for northern 
slopes are less: than unity and decrease with the increasing angle of incli- 
nation of the slope «. Southern slopes of a curvature up to 30° receive .total 
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radiation which is almost the same as that for a horizontal surface 
(ZQin/ZQ is close to unity). The incidence of total radiation on steep 
southern slopes decreases considerably as compared with the incidence on 
a horizontal surface. The eastern and western slopes always receive lesser 
amounts of total radiation than’a horizontal surface. 


Table 7.30 Relative daily amounts of total radiation DQ ;,/Q according to 
observations in clear sky (¢= 45° N, Karadag, 1956) [35] 


South East (West) North 
2° 
2 n © 2 n ze) - rz) © 
L'a) bo 
r= = 2 & = ¥ ¢ = 2 
5 < => 5 < = 5 < 


5 1.02 1.02 1.05 1.00 1.00 1.01 0.98 0.98 0.97 

10 1.03 1,03 1.05 0.99 0.98 1.00 0.95 0.95 0.92 

15 1.03 1.04 1.06 0.97. 0.96 0.97 0.92 0.91 0.86 
20 1.02 1.02 1.07 0.95 0.94 0.94 - 0.88 0.86 0.82 
30 0.98 1.02 1.06 0.90 0.90 0.88 0.79 0.78 0.71 
50 0.85 0.91 0.98 0.78 0.78 0.79 0.57 0.55 0.44 
70 0.65 0.72 0.80 0.66 0.66 0.67 0.31 0.30 0.24 
90 0.42 0.47 0.55 0.52 0.54 0.55 0.24 0.24 0.22, 


For dense cloudiness (cf. Table 7.32) the difference between 
ZQin/ZQ for different days is not great. With increasing angles of inclination 
of the surface the relative amounts decrease [34]. The data shown in 
Tables 7.31 and. 7.32 are more accurate as compared with data in [34]. 

Approximate computation of daily amounts of total radiation for 
differently oriented surfaces can be made from the following formula: 


DCin=2Sinteost* >, D+ sin? cay (7.24) 


as suggested by Aisenshtat [2]. 

The mean monthly and daily amounts of radiation on an inclined 
surface, computed from a formula analogous to (7.24), are given in Table 
7.33 [78]. The amounts are evaluated for surfaces oriented southward at 
latitude ¢ = 35° N. 

The daily amounts of total radiation on an inclined surface oriented 
southward and computed for clear atmosphere and for ¢ =30° N are: 
given in [66]. Orientations with respect to all directions of light have 
been examined for vertical surfaces. In addition, computations for sur- 
faces perpendicular to direct solar radiation have also been made. 
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Table 7.31 The daily amounts (cal/cm? . day) and relative values of daily amounts 
of total radiation in a cloudless sky and in the presence of snow cover ? =60° N [34] 


% Dec 11, A=0.97 varie ren Apr 4, A=0.80 
g aie 
3 EQ: EQ: XQ: EQ 
=| 2 B n n 
3 a EQin =a ZQin =o ZQin =Q ZQin Oo 
N 15 212 0.67 260 067 313 0.92 
30 41 0.13 100 026 149 0.44 
45 78.7 0.72 67 O21 102 0.27 126 0.37 
60 59 055. 100 032 4116 0.30 1310.41 
75 22 0.20 
90 192 0.42,—s«1330.35 169 0.50 
E 15 369 «1.17 «3820.99 404.19 
30 288 «= 0.91 3480.90 380S—s«i1.08 
45 44 «60.402 408——‘ii29':'—i‘iBOsCi89sti«GSS~*«~i2“CLOV 
60 62 057 401 1.26 415 1.08 374 41.09 
5° 63 ~+0.58 : 
90 358 ««.13.'s—s329—s«984 S357 si. 
‘Ss 15 489 154 490 127 538 1.58 
30 556 «1.63 
45 201 186 612 193 611 159 543 1.59 
60 218 202 715 296 704 4183 726 214 
75 257 237 © 
90 550 «1.62 
Ww 60 127 4117 361 4114 358 093 481 141 
90 424 134 429° 112 545 1.60 


Table 7.32 Daily amounts (cal/cm?. min) and relative values of daily amounts 
of total radiation in continuous cloudiness and snow cover [34] 


Nov 28, ~ Dee 12, “Dec 18, Mar 15, 
S 10/10 St, A=0.80 10/10St, A=0.80 10/10St,A=0.90 10/10 St, A=0.75 
i=] a° 
cn Se ee 
428 2Q in 2Q in — LQ in 22 tn 
3 XQ in ra 2Q in ~ry2 zQ in xQ z=Q n =O 
N 45 16 0.84 17 0.85 16 0.84 67 0.84 
60 12 0.64 13 0.65 “12 0.63 52 0.65 
75 13 0.66 13 0.65 12 0.63 66 0.83 
E 45 21 1.10 22 1.10 20 1.10 83 1.04 
60 17 0.88 17 0.85 16 0.84 70 0.88 
: 75 16. 0.84 . ..17 -0.85 15... -0.80 --- 68° 0.85 
Ss 45 19 1.00 20 1.00 19 1.00 80 1.00 
60 19 1.00" 19 0.95 18 0.90 79 0.99 
75 15 0.80 16 0.80 15 0.80 64 0.80 


Ww 60 16 0.84 16- 0.80 15 0.80 65 0.81 
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Table 7.33 Daily amounts of total radiation (cal/cm*. day) on an inclined 
surface oriented southward at g=35° N [78] 


a° Jan Feb Mar Apr May Jun Jul 
45 376 287 376 388 385 346 367 
35 359 284 379 404 411 370 391 
25 337 280 375 417 428 391 414 
15 303 267 366 418 441 404 428 
0 240 234 341 409 447 414 436 
° Zin 

a Aug Sept Oct Nov Dec ZQin Er 
Q 
45 397 331 315 316 338 4221 1.057 
35° 408 341 315 308 322 4292 1,074 
25 433 345 308 295 299 4322 1.082 
15 441 343 299 273 271 4254 1.065 


0 438 329 267 227 212 3993 1.000 


Errors in the computation of daily amounts of radiation on account 
of application of isotropic approximation for scattered and reflected radia- 
tion are considerably less than for computation of the fluxes of total radiation 
on an inclined surface. 


6. GEOGRAPHIC DISTRIBUTION OF TOTAL RADIATION 


The widespread network of actinometric and meteorological stations 
and the refinement of the method of computation of values of total radiation 
made possible the construction. of distribution charts of solar radiation 
over the earth. The geographic distribution of average yearly and monthly 
values of total radiation are shown in 13 charts found in “An Atlas 
of the Heat Balance of the Earth” edited by Budyko. Computations made 
at 2,100 places on land and 250 points in the oceans as well as observations 
at 300 actinometric stations were used in the construction of these charts. 
The use of this voluminous material covers quite well all the climatic 
zones of the continents with the exception of high altitude regions. 

The computation of monthly values of total radiation can be made 
according to the formula suggested by Berlyand [9] as follows : 


Qe = Q[1— (at bn) a]. 


The values of coefficients @ and 6 are given in Table 7.22. The 
monthly values were obtained with an accuracy of 8-10% and the annual 
values 3-4%. 
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The values of Q under conditions of clear sky are given in Table 
7.34. — 

At large and moderate latitudes the zonal nature of the distribution 
of the annual values of total radiation is observed, whereas in the tropical 
latitudes the zonal character is destroyed (Fig. 7.13). 

The highest values of total radiation can be observed in the high 
pressure belts of both the hemispheres. The maximum value of Q has 
been recorded in the North-East of Africa and the central region of Arabia, 
viz. regions of extremely low cloudiness. The regions of high cloudiness 
and monsoon climate are characterized by a diminution in the quantity 
of total radiation. The annual amounts of total radiation change on an 
average from 60 to 200 kcal/cmi? - yr over the entire earth. 

- The distribution of total radiation during the winter months is charac- 
terized by a rapid decrease in solar radiation from the equator toward 
the poles (Fig. 7.14). With increasing latitudes the total radiation changes 
less in the Southern Hemisphere than in the Northern: The zero isoline 
passes north of the Northern Arctic Circle, further south its total radiation 
increases, reaching a value of 22 kcalfem?-mon. The zonal character of 
isolines of Q is destroyed at low latitudes, and the region of maxima and 
minima of total radiation coincide with the region of raised and lowered 
cloudiness. In July a reverse picture has been observed (Fig. 7.15). In 
the Northern Hemisphere the total radiation changes almost unnoticeably, 
and in the Southern Hemisphere a rapid decrease in Q with increasing 
latitudes may be observed. 

In March and September the isolines of total radiation qualitatively 
suggest a distribution shown in the annual chart. In these cases the highest 
values of total radiation have been similarly observed in regions of tropical 
deserts. For the remaining months the distribution of total radiation 
possesses a character intermediate between those indicated above. 

' The Arctic and Antarctic regions receive a large quantity of heat in 
the summer months. Here the effect of low solar altitudes is compensated 
by the considerable length of the day. The monthly amounts Q, obtained 
in the Arctic region during summer, are close to the values Q for tropical 
deserts. It is clear from the data in [42] that the annual amounts of total 
radiation decrease according to the rise in latitude. The values of total 
radiation are higher.in the Eastern Arctic region than in the Western. 
In the annual course a minimum Q may be observed during the. winter 
‘months, a maximum in May-June. The longest uninterrupted: incidence 
of solar radiation for the entire earth is enjoyed by the Antarctic Plateau 
[50}' during summer, The monthly amounts of total -radiation- change 
from 20 kcal/cm?-mon on the coast to 30 kcal/cm®-mon on the mainland, 
which exceeds the values of Q obtained in tropical deserts. The Eastern 
Antarctic region, lying in the relatively inaccessible polar region, appears 
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not only as an absolute pole of coldness but also as an absolute pole of heat 
of solar radiation. Even though the monthly amounts of total radiation 
in the course of a year are close to zero in the Antarctic region from one 
to five or six months, the annual amount Q in Antarctic territory is more 
than 100 kcal/cm?- yr, which turns out to be 20-30% more than the annual 
amounts for the Arctic region. ; 

It should be recalled that all the given values of monthly and annual 
amounts represent mean values which may vary considerably from year to 
year and from month to month. Using uninterrupted observations on 
solar radiation in the course of sufficiently long intervals of time it is possible 
to evaluate the variation of the incident solar radiation. From the data 
on observations at stations situated in different climatic regions of the earth, 
Berlyand [10] obtained values characterizing the variation of solar radiation. 
The ratio of the maximum value of incident total radiation to the minimum 
values was considered an example of this characteristic.. The least vari- 
ability of diurnal amounts of total radiation has been observed in desert 
regions. The maximum amounts at the. equator exceed the minimum 
by 5-6 times. The greatest variability is found to occur in the regions 
of monsoon climate. 

An analysis of the variability of monthly amounts of total radiation 
showed that the variation of Q increases from winter to summer. The 
greatest variation of monthly Q was observed in moderate latitudes, the 
lowest in tropical latitudes. 

As the investigations of Pivovarova [47] have shown, the variability 
of total radiation is less than that of direct, as a consequence of the leveling 
of the variations on account of scattered radiation. An examination of 
variations over many years of the incident shortwave radiation depends on 
the relation between direct and scattered radiation, and often total radiation 
changes less than its constituents. According to Pivovarova’s [47] data, 
the extreme deviations in the annual amounts of and total radiation worked 
out at + 6%; for monthly amounts Q is + (6-10%) in summer and 15- 
16% during winter. 

Consideration of variations in the perpetual path of the incoming 
shortwave radiation is necessary for the solution of many applied problems 
relating to the evaluation of perennial radiation regimes. 
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8 - THERMAL RADIATION OF THE 
e ATMOSPHERE 


The thermal radiation of the atmosphere and the earth’s surface is 
concentrated in the infrared region of the spectrum, viz., 4-120 ». The 
wavelength at which thermal radiation of the earth’s surface and the 
‘atmosphere begins to predominate during the day and the energy con- 
tribution of reflected and scattered solar radiation becomes negligible 
depends on the solar altitude, the direction in which radiation is propagated, 
the height of observation and other factors. However, it can be assumed 
in almost every case that thermal radiation of terrestrial origin predominates 
in the region of wavelengths A>4 yp, and forA<2 yp the reflected and solar 
radiations predominate [13, 23, 46, 57]. Both the sources of radiation 
are comparable in the spectral interval 2-4 », with a minimum of radiation 
in .the.neighborhood of 3... This is observed in the daily spectra of the . 
atmosphere and different terrestrial objects and brought about by the 
presence of two components of radiation, one of which decreases with 
increasing A and the other increases [46, 54]. 
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1. SPECTRAL COMPOSITION OF THERMAL RADIATION 
OF THE ATMOSPHERE 


The intrinsic thermal radiation of the atmosphere may be primarily 
characterized by the distinctive fact that gases comprising the basis of 
atmosphere, viz. nitrogen, oxygen and argon do not participate in radiation, 
whereas active gases (from the point of view of the generation of infrared 


radiation) are present in the atmosphere in insignificant and often variable 
quantities, 


Table 8.1. 


: , Volume 
wcecive,, — iatops Moluslat ype af moeculs coment 
Water vapor H,O 18.0 = Asymmetrical gyrostat 0-7 
Carbon dioxide co, 44.0 Linear asymmetrical 0.01-0.1 

(mean 0.03) 
Methane CH, 16.0 Spherical gyrostat 0.02 
Ozone O; 48.0 . Asymmetrical gyrostat  0-0.01 
Nitrous oxide N,O 44.0 Linear asymmetrical 0.005 


The second fact presents considerable difficulty since the variability 
of the amount of gas and the absence of a practicable method of measuring | 
it in such insignificant concentrations (besides measuring humidity) prove 
to be a hindrance in the exact interpretation of observations made on the 
radiation spectrum and lessens the accuracy of computations. 

The role of the components enumerated above in the study of infrared 
radiation is different. The most important contribution belongs to water 
vapor. 

The water molecule H,O (the isotopic variations of aisieeutes whose 
spectral properties are not manifested in emission spectra because of their 
low concentrations, will not be examined either now or later) pertains 
to the “asymmetrical gyrostat’”’ type and may be characterized by the small 
moments of inertia, differing considerably from one other [10, 56]. The 
vibrational and rotational spectra of its radiation appear to be very complex 
and in the presence of comparatively large quantities of water vapor in 
the atmosphere modify the entire infrared spectrum of the atmosphere 
in the interval 4-120 p (more than 99% of outgoing radiation and‘ back 
radiation of the atmosphere is concentrated in this interval). Laboratory 
measurements and theoretical quantum mechanical computations show 
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that in the spectral range from 4.5 to 104 vibrational and rotational 
transitions play a fundamental role, in particular, the principal band 
¥,—6.25 p» (1595 cm-1), and from 10 » onward only rotational transitions, 
i.e. mainly the, band with the center at. 50y. The distant edges of this 
band appear as an important factor in the radiation properties of the 
atmospheric transparency window of 8-12 # and the spectral range beyond 
17 p. 

The molecule of carbon dioxide [10, 56]. is linear and symmetrical 
and does not possess a distinct rotational spectrum. The principal bands, 
v,—4.3 p (2380 cm!) and v,—14.7 » (673 cm~), play a basic role 
in the infrared region. The effect of- the band ¥,, appearing in the 
interval of wavelengths 13-17 », becomes more significant since it occurs 
in the segment of the spéctrum having an intensity close to the maximum 
(at the absolute temperature of the earth’s surface). In the limits 12-18.5 2 
carbon dioxide has several more low intensity bands of upper state, 
caused. by..vibrations perpendicular. to the direction of propagation. They 
attain a maximum partly in the principal band ¥,. - 

Ozone may be characterized by the principal bands v,—9.1 p 
(1110 .cm=1, weak intensity), v,—14.1 » (710 cm-1) and v,—9.6 p 
(1043 cm-) [56]. However the last band alone considerably affects the 
radiation since it is more intense and appears in the region of the trans- 
parency window of the atmosphere where both the upper layer (for upward 
radiation) and the lower layer (in case of back-radiation) do not screen off 
the radiation of ozone. 

The role of methane and nitrous oxide is inconsequential and appears 
exclusively in the transparency window where the following bands are 
"situated, viz. methane v,—7.66 » (1306 cm-*) the practically overlapping 
the longwave edge of the band of water vapor v,, and the band of nitrous 
oxide, with centers at 7.78 p (1285 cm7), 8.56 » (1167 cm™) and 17 p» 
(589 cm) [56]. 

From Kirchhoff’s law we see that the emission and absorption spectra 
are identical. However, they manifest themselves in different ways. In 
the first place it is necessary to notice that intrinsically the absorption 
functions, and, consequently, the absorption spectra, depend only a little on 
the temperature of the gases, which plays a principal role in the intensity 
of emission spectra. Thus anisotropy in the atmospheric emission may be 
determined exclusively from-the anisotropy in the distribution of gases, 
and the anisotropy in radiation can be similarly determined by the thermal 
structure. This is most clearly demonstrated -in the comparison of the 
spectra of upward radiation at the radii with the back-radiation spectra 
at the zenith (Figs. 8.1-8.3) : the maxima and minima have here changed 
places. This can be explained by the fact that the entire contribution to 
downward radiation comes from the atmosphere, and the atmosphere not 
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only emits upward radiation but also screens off radiation of the compa- 
ratively warm, earth’s surface. In case of back-radiation the maxima in 
strong absorption bands (6.3 », 15 ys) are caused by the fact that here the 
radiation is generated by the surface and, consequently, warmer layers of 
the atmosphere, and at the same time the very cold layer contributes to 
back-radiation in the transparency window. In the case of upward 
radiation in bands of strong absorption the main contribution belongs to 
the upper cold layers which completely screen off the more intense 
radiation of lower layers and the earth’s surface. 
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. Fig. 8.2. Spectral distribution of intensity of atmospheric downward radiation 
at different altitudes (1) and intensity of radiation of perfectly black body (2). 
(a) summer in moderate latitudes, high relative humidity, zenith [42]; 

(b) winter in moderate latitudes, low relative humidity, zenith [42]. 
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Fig. 8.3. Spectral distribution of upward atmospheric radiation. 
(a): intensity of radiation of May 8, 1966, Texas, height 33.5 km, 
surface temperature 20° C [50]; 

(b) radiation flux; summer in moderate latitudes with high 

, relative humidity, nadir [42]. 


Emission spectra can be computed and measured with much less 
accuracy in spectral resolution than absorption spectra at the present. 
This may arise because of the unsatisfactory values of the emission functions 
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of the thermal structure and distribution of radiative computations and in 
experiments with the low values of energy of radiation registered. 

Typical spectra of atmospheric back radiation at the earth’s surface 
under clear sky [l, 24, 25] are shown in Fig. 8.1. The characteristic 
properties are radiation maxima situated in the spectral ranges 6-8, 9-10, 
13-17 and minima in the transparency windows 8-12 p, 18.8 » and 20.5 p. 
Thus the principal band v, of water vapor with center at 6.25 » provides 
an overwhelming contribution from 5 to 8 ». The shifting of the absolute 
maximum toward 7.5 » shows that the atmospheric radiation can be 
determined by the overlapping of the contour of band v, of the curve of 
energy distribution in the radiation spectrum of a perfectly black body; 
for temperatures of 280-300° K the latter exhibits a sharp decrease toward 
short wavelengths. , 

An increase in radiation from 10 to 15 » can be explained by the 
influence of the farther edge of a rotational band of water vapor with center 
at 50 » and overlapping radiation of the fundamental band », of carbon 
dioxide (1=13 yp). 

A number of weaker radiation bands are found in the transparency 
window 8-12 y. In the shift from 8 to 9 p, caused by continuous radiation 
of the band 6.3 » of water vapor, the following bands are easily seen : 8.4 p 
(H,O), 8.59 » (N,O) and 8.82» (H,O). The intense double peaked 
radiation band of ozone extends from 9.1 to 9.8. Beyond 10 » the 
following bands are characteristic members: 10.6 » (CO,), 10.8 » (CO,), 
11.1 » (H,O), 11.4 (H,O—overlapping of bands with centers at 11.34 
and 11.5 y), 11.87 » (HO), 12.1 » (H,O+CO,), 12.45 (H,O—overlapping 
of bands 12.41 and 12.53 p), 12.7 » (CO,) and 13.1 » (CO,+H,O). The 
following windows are the most transparent, viz. 8.35, 8.7, 9.08, 10.29, 
11.14, 11.7, 11.96 and 12.19 p. Ss 

In the interval 13-17 » the fundamental band v, of carbon dioxide 
plays a principal role, and the following bands play a secondary role, viz. 
14.4, 14.7, 15.0, .15.4, 16.2, 16.7 p (all of CO,) and 17 » (N,O). 

In the interval 17-25 y the radiation may be determined exclusively 
by the continuous radiation of the shortwave edge of the H,O band with 
center at 50 p» and by its overlapping of weak rotational bands of water 
vapor. 
Analogous members have also been examined in the spectrum, 
registered with high spectral resolution in mountainous areas, i.e. under 
conditions of low temperatures and lesser quantities of water precipitation 
[48], and similarly in the spectra of upward radiation (Fig. 8.3). A 
redistribution of energy in.the case has ‘been explained above. -~ . 

The transformation of the spectral distribution of radiation with 
respect to height may be determined primarily by the stratification of the 
atmosphere [42]; however, one can observe-many general] patterns. The 
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radiation in strong absorption bands (5-7 yz) is an approximation to the 
radiation of a black body at a temperature equal to the temperature at the 
corresponding level in the atmosphere. Moreover the lower the location 
of the level under examination the higher the moisture content of the 
atmosphere (Fig. 8.2). Downward radiation falls sharply with altitude 
in transparency windows, whereas upward radiation does not change. 
measurably (Fig. 8.3). The correction on account of emission of back- 
radiation in ozone depends broadly on the height. The screening action 
of ozone on upward radiation is substantial only for heights comparable 
to or exceeding the altitude of maximum concentration of ozone. 

Cloudiness changes the character of energy distribution considerably 
in downward radiation spectra, the latter approximating the radiation 
of a black body and decréasing the number of components. This takes 
place because the radiation of upper cold layers of the atmosphere in the 
transparency windows is displaced by the radiation of the lower boundary 
of cloudiness! at a temperature close to that of the surface. As the lower 
boundary of cloudiness descends, the leveling of the spectra becomes stronger. 
On the other hand, there is an increasing smoothness in spectra of the out- 
going radiation with a rise in altitude of the upper boundary of cloudiness. 
In some cases [23]. the ozone minimum.even disappears, although the 
main body of ozone is situated above the clouds. 


2. ANGULAR DISTRIBUTION OF THERMAL RADIATION 
OF THE EARTH’S SURFACE AND THE ATMOSPHERE 


The object of the present section is to characterize the fundamental . 
pattern of the energy distribution of thermal radiation of the ‘earth’s surface 
and atmosphere in space. 


2.1 Downward atmospheric radiation 


Computations and measurements show [11, 16, 26, 42 and 47] that 
the intensity of downward radiation increases in a clear atmosphere 
with an increase of the zenith angle # (Fig. 8.4), A sharp increase in the 

_intensity of radiation occurs only at the horizon. An insignificant variation 


1 This is justified by the assumption of complete nontransparency of the boundary 
of cloudy cover. , 

®The zenith angle 6, which specifies the direction of radiation, is measured from the 
local vertical. In case of downward radiation of the atmosphere the vertical 
to be considered is directed below, and in case of upward radiation above, thus 
og? < 90. 
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in radiation energy may be observed for low zenith angles. At small 
altitudes, atmospheric downward radiation in the vicinity of the horizon 
can be close to the radiation of a perfectly black body at the temperature 
of the surrounding air or even equal to a perfectly black body radiation. 
For. instance, measurements [47] carried out at points situated at different 
heights above sea-level show that in the region of the spectrum 2-40 4, 
at any rate, up to a height of 4.3 km, thermal radiation in the horizontal 
direction equals that of perfectly black radiation at the temperature of air 
at the point of observation. 

‘ As absorption increases in a spectral interval the angular dependence 
of downward radiation of the atmosphere Ic .() becomes weaker. In 
the spectral regions of extremely intense absorption, atmospheric radiation 
becomes equal to perfectly black body emission in all directions. Thus 
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Fig. 8.4. Angular distribution of intensity 


(a, b) Isophot of intensity of back-radiation in clear atmosphere (W/m? > ster) in the 
Colorado, 4.3 km above sea level); (c) the dependence of the intensity of back-radiation 
cloudiness (Feb. 20, 1966) from measurements on ground [11]; 1—in solar vertical; 2—in 
of back-radiation of clear atmosphere on the zenith angle in the spectral interval 
in [42]; (e) the dependence of intensity of back-radiation in a clear atmosphere of 

with low-relative humidity, 
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the radiation of the sky is black even at- the zenith [42, 46] and does 
not depend on # (Fig. 8.4 d), on the earth’s surface in the central regions 
of the absorption bands 6.3 » of H,O and 15 p» of CO,. The angular 
dependence Jc (#) is weaker in moist warm atmosphere than in the case 
of dry and cold atmosphere [42]. 

The dependence of radiation on the zenith angle in the presence of 
thick cloud is likewise insignificant [11, 16 and 33]. Thus, integral radia- 
tion is practically isotropic, irrespective of the height of the clouds [16]. 
As Table 8.2 shows, even for the values wu &¢ 2.66 g/cm? the intensity of 
radiation for #=85° differs from the intensity at the zenith by not more 
than 10% (wx—amount of water vapor in a column of atmosphere between 
clouds and the ground). For comparison it may be pointed-out that 


log 1g x 105Wicm?. ster. ps 


30 60 90 


of back-radiation of the atmosphere. 


region 2-40 y, at (a) nighttime and (b) daytime from measurements [47] (Pike’s Peak, 
of the atmosphere on angular height 6 (8 = 90°—#) in the window 8-12 p, in partial 
the perpendicular direction; 3—the same after 10 minutes; (d) dependence of intensity 
6.90-7.14 » during winter at moderate latitudes with high relative humidity, computations 
zenith angle in the spectral interval 9.68-9.85 j during summer in moderate latitudes 
computation in [42]. ie = - = 


486. Radiation Characteristics 


the mean value of Ic (9)/Ic (0) = 130% according to measurements 
[16] for aclear sky at #=85° (it is approximately identical for wide 
intervals of values of atmospheric moisture contents varying from 0.4- 
3.0 g/km?). 


Table 8.2 Mean values of relative intensity of integral back-radiation 
of atmosphere J, (*)//¢ (0) at the surface of the earth [16] 


. 6° 


0 io «6202S «Oo 30'—isti“‘<ié‘iSCOC‘<‘ité«it«iS 


0.34 100 100. 100 100.1 100.2 100.5, 100.8 101.0 102.0 102.5 
1.12 100 100 100 100.4 100.6 101.0 101.2 102.0. 103.0 104.5 
2.66 100 100 100 101.1 101.2 101.7 103.0 104.0 108.0 110.5 


In most spectral ranges the angular distribution of back-radiation 
is more sharply defined (Fig. 8.4d) as the height above the ground increases. 
However, in the absorption bands of ozone the altitudinal behavior of the 
dependency of Ig (&) may vary in a different manner as a result of the 
peculiar vertical distribution of the O, concentration in the atmosphere 
(cf. Section 3 of Chapter 1). Thus in the absorption band 9.6 » of O, up 
to a height 15-20 km the change in intensity of back-radiation with the 
change in zenith angle attenuates according to the distance from the earth’s 
surface (Fig. 8.4e). For instance, a gradual increase in the dependence 
Ig (&) begins at the altitude of maximum concentration in ozone. 

The variation in intensity of atmospheric back-radiation for a change 
in the azimuthal angle is negligibly small for dense cloudiness and similarly 
for a clear sky, if the spectral frequencies under examination possess a suffi- 
ciently strong absorption [46]. The field of integral atmospheric back 
radiation may serve as an example of weak azimuthal anisotropy (Fig. 8.4a 
and b)!. An increase in the intensity of integral radiation at the solar 
azimuth during daytime can be brought about not by thermal radiation 
of the atmosphere, but by solar radiation scattered in the near infrared 
region of the spectrum. This radiation contributes noticeably to the radia- 
tion of the atmosphere in the spectral interval 2-40 » on account of strong 
“forward” scattering in the sections of the sky-in the vicinity of the sun. - 

' In the spectral regions of weak absorption the azimuthal asymmetry 


1 Atmospheric back-radiation in the spectral range 2-40 yz may be considered integral. 
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of the field of atmospheric back-radiation is somewhat higher. However, 
the azimuthal variations in intensity of radiation become noticeable only 
in the zone of the sky adjoining the horizon (#> 70°) [11, 46]. 

The monotonic nature of the dependence of the downward radiation 
on the zenith angle (Fig. 8.4c), examined above, is naturally eliminated 
under conditions of partial cloudiness. Besides, partial cloudiness signi- 
ficantly increases azimuthal anisotropy of the radiation field. The effect 
of an overcast sky or of distinct background cloud with a clear sky on the 
angular dependence of downward radiation becomes weaker as the absorp- 
tion in the given spectral interval and its separation from the near infrared 
region of the spectrum increases. The last case occurs because in this 
region of the spectrum large relative variations in Planck’s function, and 
consequently, larger relative variations in atmospheric radiation, correspond 
to insignificant variations in temperature (see [23] ). 


2.2 Upward emission 


The atmosphere and the underlying surface are the sources of upward 
radiation. As a rule the intensity of upward radiation J, (&) decreases 
with an increase in the angle [42] in a clear sky. (infrared darkening toward 
the horizon may be observed). In the angular interval from 9% =0 to 
= Mp a slow variation in intensity of radiation takes place, and when 
> Bp the magnitude of J, (#) falls sharply (@s—zenith angle at which 
the earth’s boundary is visible from the point of observation). 

With the increase of height infrared darkening at the horizon streng- 
thens (Fig. 8.5a). It is obvious from the diagram that at ground level and 
vicinity the outgoing radiation is practically independent of $. (in computa- 
tions of [42] whose results are given in Fig. 8.5a', the earth’s surface and 
atmosphere are accepted as horizontally homogeneous, so that the earth’s 
surface may be considered as smooth and radiating like a perfectly black 
body). However, under natural conditions the angular distribution of 
outgoing radiation can be characterized through many maxima and 
minima [23, 52, 67], which result because the conditions indicated above . 
are not satisfied, but which are usually accepted in theoretical computations 
of the intensity of upward emission (Fig. 8.5b, c)?. For instance, the 
maximia of radiation for scanning the surface in the mountains (Fig. 8.5b) 


1The values of Jy are computed only for g equal to 0, 70, 80 and 90°, so that the 
curves for, v>vp given here are tentative. : 

* Negative values of angular height 6 (|0| = 90° — 9) correspond to sighting of lower 
hemisphere (earth's surface), whereas positive values correspond to sighting of the 


upper hemisphere. 
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is related to the parts of the mountainous zones illuminated by the sun, 
‘which are warmer than the regions in shadow. 

As in the case of downward radiation of atmosphere, the angular 
distribution of upward radiation depends on the magnitude of absorption 
in the spectral interval and its position in the spectrum, stratification of 
the atmosphere, conditions of cloudiness and height of the underlying 
surface. Recently the effect of these factors in Jy ($) has been analyzed 
mainly for the level of the upper boundary of radiative atmosphere or 
height outside the radiative atmosphere, i.e. for outgoing radiation. 

Thanks to investigations from artificial satellites the angular distri- 
bution of outgoing radiation has been elaborately studied, employing high 
angular resolution (see [23]). Later we will separately examine the 
angular dependence of outgoing radiation and show the effect of the 
indicated factors on J,(9). 


2.3 Outgoing radiation 


Evidently, the intensity of outgoing radiation falls toward the 
boundary of the atmosphere, i.e. in sighting the earth-atmosphere system 
an infrared darkening may be observed (Fig. 8.6). This darkening may 
either exhibit a continuous character (the function I() decreasing at 
all times with increase in zenith angle), or may finally occur at distinct 
angular intervals (for instance an infrared glow occurs toward the boundary 
of the terrestrial disc, and only at very large zenith angles may the intensity 
of radiation. decrease). ‘The variations in the intensity of radiation are 
not large in the case of a clear sky and dense cloud while sighting a large 
portion of the planetary disc. As the distance of the spectral interval is 
increased from the near infrared region of the spectrum, there is a corres- 
ponding slowing down in the variation of intensity of radiation with rising 
# and a decrease in the overall infrared darkening (or glowing) toward 
the boundary of the earth taken-as a flat disc (compare spectral ranges 6 
and 7,8 and 9 in Fig. 8.6 in pairs, absorption in each pair of segments being 
almost identical). Furthermore, as the height of the upper boundary of 
cloud increases, the spectrum ranges become more transparent, and the 
angular dependence J,(:#) in the limits of sighting of a large portion of 
the terrestrial disc becomes naturally weaker as the atmosphere above the 
underlying surface becomes drier. 

The effect of atmospheric stratification on the angular distribution 
of the outgoing radiation manifests itself in the following manner. An 
‘infrared darkening toward the boundary of the earth may be observed 
in most spectral ranges being examined (Fig. 8.6). However, when the 
stratosphere provides the chief contribution to outgoing radiation at in- 
creasing # then an infrared glow may occur since the mass of gas radiating. 


490 Radiation Characteristics 


@= 65°N, summer 


10 20 3000240 50 60 - = 70°» 

Fig. 8.6. Relative angular distribution of intensity of outgoing radiation for the 
(a) general course of angular dependency fu (#)/fy (9); 

I iaeegeal ¥adiation, 2—segment in atmospheric window 10.55-11.01 bb "3—absorption 

tion band 9.6 yz O, (9.01-10.29 yz), 6—band of very strong absorption H,O (6.49-6.58 42), 

(5.00-5.05 js), 9—band of weak absorption of H,O (17.86-18.52 1), 10—region of 


H,O (40-120 2). Horizontal arrows in 
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at’a comparatively high temperature increases with increasing zenith 
angle (temperature rises with height in the stratosphere), and this appears 
as the determining factor in the large contribution of the stratosphere to 
the outgoing radiation. Thus the intensity of outgoing radiation begins 
to grow as the boundary of the planetary disc is approached for moist and 

Jul), 

1, (0) °° b) ee 

110 6 \ 


72°40’ 73°00" 73 °20' 73°40° v. 


altitude 300 km (9) = 72° 45’) according to computations in [29, 30], 65° N, sammer. 
(b) angular distribution at wide zenith angles > 9p. 

band 6.3 p of H,O (4.88-8.70 .), 4—absorption band ‘15 » of CO, (12- 18 yx), 5—absorp- 
7—band of very strong absorption H,O (41.7-45.5 4), @—band of weak absorption H,O 
rotational absorption band of H, . (18-40), 11—region of rotational absorption band of 
Ta (#) 


; Fig. 8.6 a show the magnitude of , (0) 


at 6=Bo,. 
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warm stratosphere (65° N, summer) in spectral frequencies of strong absorp- 

tion, viz. 6, 7 and 11. An analogous phenomenon (only to a lesser extent) 

has been observed for the stratification under examination (65° N, summer) 

and in regions of not so strong absorption 4 and 5 and even in the window 

8.70-12.00 yz in the case of an underlying surface at low temperature (high 

cloudiness with upper boundary at 9 km). Similarly it may be brought 

about by the substantial contribution of the stratosphere to the outgoing - 
radiation for large # in the spectral intervals points out for the combination 

of an underlying surface at low temperature and a warm and moist strato- 

sphere. 

Computations and results of the artificial satellite measurements 
show that in the central part of the 15 » absorption band of CO, an infrared 
glow may be observed for any atmospheric stratification, since in this region 
of intense absorption the radiation always originates in the stratosphere as 
a result of the presence of a significant amount of carbon dioxide (see [23] ). 

There is a sharp fall in the intensity of outgoing radiation in the narrow 
angular interval in the region of sighting of an atmosphere (large zenith 
angles: $>p). In those regions of atmospheric window 8-12 » in which 
water vapor alone absorbs, an infrared darkening toward the boundary 
of the atmosphere may be accomplished most sharply, abruptly and rapidly 
(Fig. 8.6b). It may be noticed that for low zenith angles it is natural 
that the variation in the intensity of radiation with rising # is weak as 
compared to these spectral intervals. 

The general character of the variation of J, with respect to variation 
of } for >» is sufficiently stable in the spectral frequencies excluding 
the interval of very strong absorption situated in the near infrared region. 
of the spectrum! Here the angular dependence of outgoing radiation 
undergoes ‘noticeable stratificational variation. In the center of the band 
15 » of CO, one must observe the maximum resemblance in the angular. 
distribution of outgoing radiation obtained for different atmospheric 
stratifications. . 

In partial cloudiness the dependence of the intensity of outgoing 

_radiation on the zenith angle cannot be represented by such smooth curves 
as shown above. In this case the sharp maxima and minima in the course 
of I, (%) make it possible to disguise infrared- darkening toward the edge 
of the atmosphere.’ Theoretical investigations show. that this is possible 
in transparency regions of the spectrum, situated in the atmospheric window 
8-12 y in the near infrared region (spectral intervals of weak absorption 
and the near infrared region of the spectrum are most sensitive to variation 
‘under’ conditions of cloudiness). -In the distant infrared region of the 
spectrum there is very little likelihood of screening infrared darkening 
toward the boundary of the atmosphere by the inhomogeneity of angular 
distribution of outgoing radiation caused by partial cloudiness of different 
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strata or inhomogeneity in atmospheric stratification even in wide spectral 
intervals (18-40, 40-120 :). Only the central part of the absorption bands 
of carbon dioxide gas 15 » can compare in this respect with the distant 
infrared region of the spectrum for wavelengths A<18 yp. 

Azimuthal anisotropy of the field of outgoing radiation within the 

observational limits of the terrestrial disc in a Clear sky and in dense cloudi- 
ness is not large. However, for $>p it becomes important. In the 
presence of partial cloudiness the azimuthal dependence of the intensity 
of outgoing radiation is extremely significant even for the sighting of central 
parts of planetary disc. Naturally, the azimuthal anisotropy is greatest 
in spectral ranges which are sensitive to the appearance of clouds and 
inhomogeneity in atmospheric stratification. 
, Measurements by rockets and artificial satellites ascertain many 
of the patterns [23, 36] examined above. However judging by the experi- 
mental data, the altitude of the radiative atmosphere is evidently considerably 
higher than that accepted in theoretical computations (40-60 km). 
Besides, intensive infrared radiation of the atmosphere in a horizontal 
direction (spectral region 2.5-8.0 ») was discovered during Soviet cosmic 
experiments [40] at altitudes of 250-300, 420-450 and around 500 km. 
The maximum intensity of this radiation is either comparable to or exceeds 
the intensity of outgoing radiation at nadir. Meanwhile it is difficult 
to interpret the radiation registered as the thermal radiation of the hori- 
zontal layers of rarefied atmosphere. Evidently the mechanism of radiation 
is different. 


2.4 Effective radiation 


The intensity of the effective radiation Jere (Vlerr=Ju—Jc) decreases 
with a rise in the zenith angle [16, 42]. The greatest drop in radiation 
has been observed for directions close to the horizontal. .For $=90°, 
the magnitude of Jerr is zero at all altitudes within an optically active and 
horizontally uniform atmosphere since Iy=Tc. 

The overall character of angular dependence Jegr (9) is preserved 
for variations in atmospheric stratification and rather ieee’ depends on 
the spectral interval and altitude [42]. 

In the presence of partial cloudiness the smooth curve of the function 
Tete (9), found in a clear sky and in dense cloudiness, must be distorted by 
so many maxima and minima. Azimuthal anisotropy of the field of effective 
radiation, which is weak in cloudless atmosphere and in the case of dense 
cloud [16], naturally rises in partial cloudiness. 


3. VERTICAL PROFILE OF RADIATION 


Several results of the determination of vertical distribution of upward, 
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downward and effective fluxes of atmospheric thermal radiation as well 
as vertical profiles of thermal radiative fluxes have been derived in this 
section. Fluxes and influxes of integral thermal radiation, and their 
magnitudes in different spectral intervals, have been examined. 

It is already known [22], that in cloudless atmosphere for normal 
Stratification of temperature the upward and downward fluxes of integral 
thermal radiation as a rule decrease with altitude. The effective flux 
of radiation, on the other hand, rises with altitude in a free atmosphere. 
However, within the limit of the entire troposphere this rise is more or less 
linear. The rise in effective radiation slows down in the vicinity of the 
stratosphere. The presence of cloud, especially of the dense type, is reflected 
in the profiles of radiation by the distortion in the monotonic variation of flux. 

Several examples of vertical distribution of atmospheric thermal 
radiation are shown in Fig. 8.7 (from the articles [43, 59]). The vertical pro- 
files of radiation introduced here have been obtained for moderate latitudes. 
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Fig. 8.7. Vertical profiles of downward Fo, upward Fy and 
effective fluxes of thermal radiation. 
(a) USA, winter, averaged values [59]; (b) USA, summer, averaged values [59]; (c) USSR, 
single layered cloudiness of lower stratum, day [43]; ; 1—July, 2, 3—October. 


A complete investigation on the vertical and meridional variability | 
of integral flux of atmospheric thermal radiation has been carried out by_ 
G. N. Kostyan and N. A. Zaitseva. Thus a large amount of data on the 
vertical and geographical distributions of the field of atmospheric thermal 
radiation has been accumulated through measurement of radiation by 
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actinometric radioprobings at different geographic locations. According 
to data in [31], both downward and upward fluxes of thermal radiation 
decrease with height at a rate of 250x 10-5 to 400 10-5 cal/cm?- min, 
from 160x 10-5 to 240 x 10-5 cal/cm? - min in 100 m in the troposphere and 
from 30 10-5 to 40 x 10-5 cal/em - min in 100 m in the stratosphere (down- 
ward flux). The gradient for upward flux in the stratosphere is close to zero. 
In [19, 43], as well as in some investigations by foreign scientists [49, 61] 
a slight increase in upward fluxes of thermal radiation with height has been 
recorded in the stratosphere. Evidently this is brought about by peculiari- 
ties of the vertical distribution of temperature in the stratosphere, viz. 
isothermy and inversion of temperature. 

An analysis of the variability of effective austin’ in free atmosphere 
has been carried out in [34, 61, 65] on the basis of actinometric probing 
of the atmosphere. According to data from these investigations the most 
characteristic problem of vertical profiles‘ of effective radiation consists in 
its rise with height approximately to a level of 10-13 km, followed by a 
subsequent decrease in the region of the tropopause and further rise in the 
stratosphere. 

The correlation between effective radiation and cloudiness has been 
examined in [34, 43]. It has been observed that the anomaly in the dis- 
tribution of effective radiation is related to the influence of cloudiness. 
The decrease in the effective radiation on account of the effect of cloud 
at several altitudes constitutes 0.19 cal/cem?-min. As a rule a slight 
increase in effective radiation with altitude takes place in the layer 1.5-3.0 
km in the presence of clouds, and a sharp decrease occurs in the layer 
7-10 km. During winter, when the amount of moisture in the atmosphere 
is not large, cloudiness can increase the effective radiation at high altitudes 
(as compared to a cloudless condition), thereby redistributing the net 
radiation in the atmosphere. In the layer of clouds near the earth’s surface 
the effective radiation decreases if there is no increase in the temperature 
of the underlying surface -and isothermy below clouds is not destroyed. 
The variation in ate fluxes of thermal radiation during winter in the 
transition from “‘clear” to “‘cloudy’’. and vice versa can become 10-12% in 
one direction within two to four hours. In cloudy conditions during 
wintertime one can observe not only a decrease in the upward flux as com- 
pared to cloudless conditions, but also an increase in it [34]. In the opinion 
_ of the author of this article the values of atmospheric back-radiation on the 
earth’s surface in dense cloudiness may be approximately 20-40% higher 
than the corresponding flux in clear sky for normal stratification of tem- 
perature. 

The mean winter profiles of effective radiation for the North Atlantic, 
‘computed with the help of the radiation nomograms of V. Elsasser, are 
given in the Table 8.3. The low. magnitudes and anomalous vertical 
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course of radiation in the lower troposphere are evidently caused by cloudi- 
ness in the lower troposphere. 


Table 8.3 Mean values of effective atmospheric radiation F,1, caljem?. min 
in winter, 1956-57, in the North Atlantic [55] 


a a a 


o mb 
Place of 
measurement eee 
1000 850 700 500 300 200 
1 0.062 0.069 0.163 0.173 0.181 0.224 
2 0.063 ~ 0.042 0.169 0.194 0.209 0.274 
3 0.066 0.027 0.168 0. 187 0.224 0.280 
4 0.054 0.038 0.170 0.220 0.253 0.283 
5 0.056_ 0.039 0.127 0.189 0.206 0.262 
6 0.066 0.060 0.141 0.206 0.226 0.266 
7 0.057 0.039 0.179 0.218 0.239 0.297 
& 0.075 0.046 0.180 0.236 0.265 0.321 


The vertical profiles of thermal radiation for five models of cloudless 
atmosphere from results of theoretical computations by the author of this 
article are given.in Table 8.3. The models of atmosphere examined may 
be briefly characterized in the following manner: . 


I. standard-atmosphere (model ARDC-1959), 
II. dry summer in moderate latitudes, 
III. damp summer in moderate latitudes, 
IV. dry winter in moderate latitudes, and 

V. damp winter in moderate latitudes. 


A comparison of these results with corresponding vertical profiles 
of radiation in Fig. 8.7 shows that the theoretical magnitudes of the integral 
flux of effective radiation for “damp” atmospheric models III and V agree 
satisfactorily with mean leveled experimental profiles of flux at corres- 
ponding times of the year. However, the rate of decrease with altitude 
of downward thermal radiation obtained, on the basis of theoretical values, 
is noticeably higher than that obtained from experimental data, and con- 
sequently in the upper troposphere and stratosphere the theoretical values 
‘of back-radiation are lower than experimental values. It should also be 
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observed that vertical profiles of thermal radiation under real, specific 
Synoptic (weather) situations may differ significantly from mean theoretical 
values. 


Table 8.4 The values of integrated fluxes is of downward Fg and effective Fery 
atmospheric thermal radiation for models of atmospheric I-V 
(region of the spectrum 2000-225 cm-!) 


Model 
pmb. Hkm 
I II III Iv Vv 
Fo calfem*: min 
1013 0 0.384 0.378 0.456 0.183 0.220 
898 1 0.326 0.324 0.382 0.160 0.195 
795 Re 0.274 0.272 0.322 0.138 0.169 
617 4 0.195 0.193 0.233 0.102 0.131 
472 6 0.130 0.128 0.162 0.072 0.097 
265 10 0.042 0.044 0.068 0.035- 0.050 
76 18 0.024 0.024 0.034 0.021 0.028 
12 30 0.013 0.011 0.019 0.008 0.014 
0.9 50 0.003 0.003 -0.007 0.003 0.005 
Fer cal/cm®- min 
1013 0 0.142 0.186 0.108 0.152 0.115 
898 1 0.180 0.222 0.153 0.169 0.133 
795 2 0.204 0.248 0.185 0.183 0.146 
617 4 0.240 0.286 0.224 0.205 0.169 
472 6 0.270 0.316 ” 0.252 0.222 0.188 
265 10 0.315 0.357 0.294 0.242 0.211 
76 18 0.320 0.364 0.311 0.250 0.227 
12 — 30 0.326 0.375 0.325 0.261 0.239 - 


0.9 50 0.345 0.386 0.343 0.270 0.254 


_ Vertical profiles of integral flux of atmospheric thermal radiation 
have been examined above. However, the character of the vertical distri- 
bution of the spectral flux of radiation can in many cases differ noticeably 
from the distribution of integral radiation. As an illustration we introduce 
the vertical profiles of spectral fluxes of downward and effective radiations 
for different spectral frequencies obtained on the basis of results computed 
by the present author (Tables 8.5 and 8.6). The rate at which atmospheric 
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downward radiation decreases with altitude depends strictly on wavelength 
A (or on the wave number v). The spectral dependence of vertical 
profiles of effective radiation (Table 8.6) is clearly expressed. If there is 
an absence of inversion in the vertical course of effective radiation in the 
frequency intervals 400-375 cm-!, and 940-900 cm-', then in the central 
regions of the absorption band of water vapor, ozone and carbon dioxide 
inversion may be observed either in the middle of the troposphere (wave 
number about 1500 cm-*) or in upper troposphere (wave number about 
"650 cm="), and in the center of absorption band of ozone (about 1040 cm-?). 
The range of altitudes within whose limits the effective radiation decreases 
“with Height is extremely large; viz. from 5 té 30 km. 

A great deal of research work has been devoted to the investi- 
‘gation-of the field of radiative fluxes of heat in the atmosphere (see for 
instance [12, 20, 22, 31, 49, 51, 55 and 58-62]). Radiative cooling of air 
[20] is usually observed in free atmosphere in the absence of cloudiness. 
The characteristic distribution of radiative cooling with altitude in clear 
atmosphere is shown in Fig. 8.8. It is obvious that the temperature strati- 
fication in the vicinity of the earth’s surface has a considerable influence 
on the vertical profile of radiative temperature variation up to a height of 
the order of 700-600 mb. The: minimum of absolute values of radiative 
cooling is situated above the tropopause. — 


Table 8.5 The values of spectral fluxes of incoming thermal radiation for 
standard model of atmosphere in different spectral intervals (10-° W/cm’. ,,) 


Avem7?! 
A km 
1550-1500 1040-1033 940-900 675-650 400-375 
0 149.9 101.3 59.80 178.4 54.22 
1 122.3 77.31 32.77 162.8 50.75 
2 97.12 61.52 16.90 146.7 46.61 
3 79.73 51.50 8.340 134.2 42.24 
5 51.80, 39.99 1.754 110.8 30.20 
7 30.29 33.68 0.2965 89.37 16.57 
10. 7.055 28.72 0.00894 61.68 3.152 
18 3.678 25.96 0.00152 46.73 1.500 
302. 4204 21.28 0.00051 26.69 1.089 
40 4.374 13.61 0.00015 16.07 0.7298 
50 1,976 2.333 0.00002 6.206 .. 0.2777 
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Table 86 Values of spectral fluxes of effective radiation for standard 
atmospheric model in different spectral intervals (10-' W/cm °* 1?) 


Av cm-! 
Hkm : 
1550-1500 1040-1033 940-900 675-650 400-375 
0 2.579 153.4 192.2 1.469 0.4300 
1 11.64 174.2 217.5 6.820 1.858 
2 14.39 "184.4 230.5 9.516 3.320 . 
3 17.32 188.9 236.2 12.34 5.699 
5 13.09 190.4 239.8 11.56 13.05 
7 11.76 187.6 239.8 11.19 23.01 
10 16.54 179.7 239.5 10.93 33.22 
18 16.41 145.1 239.7 12.77 34.21 
30 16.29 116.2 239.0 37.94 34.66 
40 18.91 129.6 239.0 58.14 35.31 
50 94.15 145.9 238 .4 72.88 35.96 
p mb 
25 
50 
100 
200 
300 
500 
\2 VWs 
1010 < 
220. 260 300T°K -2 -1 0 GT degi24 hr 


Fig. 8.8. Vertical profiles of temperature and corresponding radiative tem- 
perature variations in cloudless weather in the ease of temperature inversion 
at the surface of the earth (1) and without inversion (2) the influence of ozone 

on 97/0! is not taken into consideration [51]. 


According to data in [61], radiative cooling in the troposphere caused 
by thermal radiation amounts on an average to 1-2 deg/24 hrs upto a 
level of 200 mb. At heights 3, 6 and 10 km stable maxima of the radiative 
cooling have been observed in a clear sky, and radiative heating has been 


observed below the tropopause. 


Radiative temperature variation in the 


stratosphere on an average exceeds the values in the troposphere by five. 
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times, and the values may be far more variable. The vertical profiles of 
radiative cooling for different climatic and synoptic conditions are given 
in [68]. The maximum values | 97/0¢| are around —3 deg/24 hrs. In 
the case of clear weather the maximum of" radiative cooling may be 
situated at heights between 8 and 10 km. The Arctic, where this maximum 
is situated at about a height of 1.5 km, appears to be an exception. The 
minimum magnitudes |@7/d¢| have been observed at the height of 
the tropopause and similarly at the earth’s surface. 

The author of this article has computed the variation in radiative 
temperature for clear weather. in the case of the atmospheric models 
I-V mentioned above. The results of computations of |97/at| for the 
spectral frequencies 2000-225 cm- show that radiative cooling has been 
observed at all heights in the atmosphere (of the order of 2-3 deg/24 hrs.) 
in the vicinity of the earth’s surface and in the upper stratosphere (Table 
8.7) for the atmospheric models examined in cloudless weather. The 
minimum values of | 07/d¢| have been recorded in the range of altitudes 
10-20 km, and this minimum is lower during winter than in summer. The 
high values of radiative cooling at the earth’s surface occur in this case 
because rapid changes in temperature at the earth’s surface are not considered 
(it is assumed that the temperature of air at the earth’s surface is equal 
to the effective radiative temperature of the earth). However, considera- 
tion of the rapid jumps in the temperature of the ‘‘earth’s surface-air” as 
well as of the detailed behavior of temperature and moisture in the surface 
layer can give very serious deviations of vertical distribution of the radiant 
influx of heat from the average “model” behavior. For instance, it is 


Table 8.7 Radiative variation of temperature 9 7/0! deg/24 bra for standard 
atmospheric model in different regions of the spectrum 


Ay cm-? 
Hkm : 
2000-1200. 1170-940 800-550 525-225 2000-225 
0 —0.47 —0.44 —0.69 —0.40 —2.60 
1 —0.22 —0.25 —0.38 —0.22 —1.46 | 
2 —0.18 —0.13. —0.45 —0.42 —1.45 
4 —0.060 —0.020 —0.30 —0.56 —1.08 
6 —0.070 0.014 —0.25 —0.89 —1.26 
10 —0.040 - 0.044 —0.020 —0.69 —0.71 
18 —0.003 0.18 —0.39 —0.053 . 0.28 


30 —0.030 0.11 —2.09 —0.79 —2.80 
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shown in [71, 72] that a consideration of rapid jumps in temperature of 
the order of 3-5° K even changes the sign of the radiant influx of heat and 
the influence of this jump on the magnitude of 07/@ can be distinctly 
traced up to a height of 5 km. In this manner extremely accurate and 
detailed information about .the values of meteorological parameters in the 
atmosphere is required for a reliable determination of the radiant influx 
of heat. : 
The influence of cloudiness on values of the radiant influx of heat 
has been investigated by L. M. Gradus and E. M. Feigel’son [12]. They 
computed the integral flux of thermal radiation at different altitudes of. 
cloudy layers for thickness of underlying and overlying cloudy layers. It 
was shown that radiative cooling decreases considerably in the layer below 
the clouds as compared to clear atmosphere, dipping almost to zero in 
cloudiness of the lower and intermediate strata. Radiative cooling has 
been observed above ‘the clouds as well. Thus, in case of multilayered 
cloudiness, and similarly for inversion layers and layers of fog and aerosol 
in the atmosphere, extremely complex vertical profiles of the radiant influx 
of heat with inversion have been observed showing sharp changes in magni- 
‘tude and sign. This has been confirmed by the results in [31, 49, 55, 62]. 
In [31] the following conclusion has been arrived at, viz. that in general 
the troposphere and stratosphere are heterogeneous with respect to radiative 
properties and can have layers with high values of the rate of radiative 
cooling, averaging 0.04-0.05 and 0.02-0.06 deg/hr. respectively. In the 
region of the troposphere one may observe layers with radiative heating up 
to 0.03 deg/hr, although the mean rate of variation in the radiative tempera- 
ture of the tropopause is around zero. 

It is interesting to note that the effect of cloudiness on the magnitudes 
of the radiative influx of heat in most cases appears even at high altitudes 
in the atmosphere. Thus, for instance, the data on variability of magni- 
tudes @ 7/9¢ in the absorption band of ozone 9.6 » at altitudes from 10 to 
33 km with respect to variation in cloud conditions are given in [58]. 
According to results in this reference the magnitudes of radiative heating 
decrease three to five times with the upper boundary at a height of 9 km in 
the stratosphere as a result of transition from a clear sky to cloudiness. 

Comprehensive theoretical computations for the determination of 
vertical, seasonal and geographic variations of the radiative influx of heat 
under conditions of average cloudiness were accomplished by London and 
Davison. (The fundamental results of their computations are given in 
{20].) According to the data of these researchers, as a rule the maximum of 
cooling is situated in the middle of the troposphere, directly above the zone 
of maximum frequency of recurrence of the upper boundary of cloudiness. 

The values of radiative cooling in the middle region of the tropo- 
sphere and above the tropopause obtained in [55] (see Table 8.8) are 
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extremely high. It should be noticed that radiative heating has been 
observed almost in all cases in the lower layers (1000-850 mb). 


Table 8.8 Mean values of radiant influx of heat 97/0: deg/24 hrs in winter 
1956-57 from data of eight stations in North Atlantic Territory [55] 


pmb 
Station 

1000-850 850-700 700-500 500-300 300-200 
1 —0.27 —3.68 —0.29 —0.24 —2.50 
2 0.82 —5.00 —0.73 —0.45 —3.83 
3 1.42 —5.56 —0.56 —1.10 —3.32 
4 0.55 —5.21 —1.47 —0.96 —1.17 
5 0.69 —3.46 —1.83 —0.50 3.32 
6 0.69 —3.31 —1.92 —0.59 —2.36 
7 0.62 —5.54 —1.15 —0.62 —3.42 .. 
8 1.00 —5.29 —1.66 —0.85 —3.31 


An investigation on vertical distribution of the radiant influx of heat 
in the stratosphere is of special interest. In view of the low values of density 
of air at these altitudes even a small influx of heat introduces a noticeable 
amount of variation in radiative temperature. On the other hand, the 
determination of the concentration of absorbing substances in the strato- 
sphere is associated with large relative errors and as a result of this notice- 
able errors in the radiant influx of heat may arise. Hence the values of. 
@7/dt, obtained for the stratosphere in concrete synoptic situations and ina 
‘model’ atmosphere, may differ widely and any degree of accuracy demands 
a special study. 

The majority of researchers (see, for instance [5], 55, 61, 65]), as 
already explained above, observe that there is far more radiative cooling 
in the stratosphere than in the troposphere, and that the magnitudes of 
|@ 7/2¢| rise with altitude. It should be noticed that a review of the vertical 
and geographic distribution of variations in radiative temperature in the 
stratosphere has been undertaken in the monograph by Kondrat’ev [20]. 

Thermal radiation is of interest in the separate evaluation of the rule 
of each of the fundamental absorbing components of the atmosphere in 
the establishment of variations in radiative temperature. Fig. 8.9 shows 
vertical profiles, averaged over a -year,- of 0-7/@t for. absorption.-bands of 
water vapor, and similarly for bands of carbon dioxide 15 p and ozone 9.6 uz 
[60]. From these results it follows that the absorption band of O, intro- 
duces radiative heating in the atmosphere at altitudes of 15-30 km, carbon 
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dioxide causes a cooling of the atmosphere which is especially marked.at 
altitudes above 15-20 km; radiative cooling, caused by water vapor, attains 
a maximum in the upper troposphere and upper stratosphere. Analogous 
conclusions have been drawn in the works of T. ‘Sasamori, D. London, 
S. D. Walshaw and the present author (see Table 8.7). 


H km 
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Fig. 8.9. Vertical profiles (averaged over the entire earth) of variations 
in radiative temperature caused by water vapor (1), carbon dioxide 
(2) and ozone (3) [60]. 


Similarly computations on spectral distribution of vertical profiles 
@7/9t for the atmospheric models I-V, mentioned above, have been carried 
out by the present author. As an illustration the results on computation of 
@7/9¢ for several narrow spectral ranges at different altitudes in the atmo- 

“sphere are given in Table 8.9. The data in this table show that one cannot 

draw any conclusions regarding integral radiation for negative values of 
g7/dt; and that all the spectral values of 97/@¢ are negative; in fact the 
values of 07/8# are positive or close to zero at several heights in most spec- 
tral intervals. The resulting negative values of radiative variations of 
temperature can be obtained as a result of very large values of radiative 
cooling in several spectral ranges (for instance, in the distant infrared 
region). 

The results of computations on the vertical distribution of the radiant 
influx of heat in narrow spectral intervals have been derived in the works 
of Kondrat’ev, Styro ‘and Zhvalev (for a concrete synoptic situation in 
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Table 8.9 The values of radiative temperature variations 97/9¢ deg/24 hr in 
case of standard atmospheric model for different spectral intervals 


Av em-? 

Hkm 
1550-1500 | 1040-1033 ~ 833-800 675-650 "400-375 
0 —0.0262 —0.0129 —0.0975 —0.0453 —0.0289 
2 —0.0051 —0.0037 —0.0427 —0.0233 —0.0322 
4 0.0059 —0.0004 —0.0194¢ 0.0023 —0.0643 
6 0.0020 0.0012 —0.0058 0.0014 —0.1081 
8 —0.0057 0.0025 0.0004 0.0001 —0.1104 
10 —0.0062 0.0046 0.0015 0.0055 —0.0597 
14 0.0001 0.0106 0.0002 —0.0050 —0.0078 
18 —0.0006 0:0188 —0.0002 —0.0851 —0.0057 
22 0.0008 -. 0.0285 —0.0006 —0.1534 —0.0073 
26 0.0012 0.0279 —0.0020 —0.2786 —0.0154 
30 —0.0097 0.0020 —0.0049 —0.5931 —0.0419 


Rostov-on-Don). The results of this investigation showed that radiative 
cooling occurs at all heights in all spectral intervals examined. 
It may be mentioned that the data on vertical distribution of radiative 

_temperature variation are only approximate in most cases. Since the 

values of 9 7/@¢ are dependent on the detailed structure of vertical profiles . 
of temperature and thermal radiation in the atmosphere, as well as on 

‘the absorbing substance, extremely accurate and detailed information 

about the values of meteorological parameters in the atmosphere is required 

in order to determine these quantities reliably, especially at the earth’s 

surface and, obviously, on the surface of clouds as well. It is known that 

the results of computations on the radiant influx of heat by different methods 
differ considerably. The relative errors in the radiative influx of heat at 

low absolute values are especially large, since the approximate method of 
computation guarantees only a limited degree of accuracy. 


4. GEOGRAPHIC DISTRIBUTION OF LONGWAVE BALANCE 
IN THE ATMOSPHERE AND ITS COMPONENTS 


The data on geographic distribution of-atmospheric thermal radiation, 

_ available in literature, refer chiefly to longwave balance in the atmosphere 

and to its components, i.e. to the effective radiation of the underlying 
surface and outgoing radiation. 
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The magnitude of the outgoing radiation has been computed by 
Vinnikov (8, 9) from the formula which was obtained by solving the transi- 
tion equation of longwave radiation in the atmosphere. The following 
Suggestions were made with respect to these results. ‘Temperature of the 
air was considered to be linearly dependent on height and the variation 
of mass of water vapor in the troposphere to be related to height through 
an exponential function. 

The magnitudes of outgoing radiation Fe were computed at 260 
places uniformly distributed on the earth, and the time and space variation 
of the outgoing radiation was determined. . 

Charts of monthly and annual amounts of outgoing radiation were 
obtained as a result of these investigations. As an illustration, Figs. 8.10a 
and 8.10b give distribution charts of monthly amounts of outgoing 
radiation on the earth for the months of January and July. 

An analysis of the charts of monthly and annual amounts of outgoing 
radiation shows that the field of outgoing radiation is fairly homogeneous 
and the values of outgoing radiation changes within limits of comparatively 
‘small range for monthly and annual amounts. A rise in the values of Fo 
from the poles to the tropical region may be observed in all charts. Such 
a state of affairs can be explained primarily by an increase in the mean 
temperature of the troposphere and secondly by the decreasing cloudiness 
in the high-pressure belts. 

The monthly amounts Fea in January change from 10 kcal/cm? - mon 
at high latitudes to 16 kcal/em*-mon in the tropics, and in July from 
12 kcal/em?- mon to 18 kcal/cm? - mon respectively. 

The annual amounts vary from values less than 140 kcal/cm?- yr in 
the region of polar latitudes to values exceeding 200 kcal/cm?- yr in the 
regions of North Africa and Arabia. 

The maximum values of outgoing radiation have been iseeed 
above deserts for low latitudes, where the high temperature of air at low 
moisture content and insignificant cloudiness may be found. 

In places with noticeable cloudiness and sufficiently high moisture 
in the air (equatorial region) the values of outgoing radiation decrease 
considerably but a continuous band of lowered values of Fa is not observable. 
The variation in the values of Fa depends on the moisture content of the 
atmosphere and presence of cloudiness. 

The-zonal distribution of outgoing radiation is noticeably distorted 
under the influence ‘of cold and warm sea. currents. 

The warm current of the Gulf Stream and the cold Peruvian current, 
which exert a considerable influence on the nature of isolines in the course 
of a year, may serve as distinct examples. 
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The shifting of the thermal equator toward the North from the 
geographic equator and the large oceanity of the Southern Hemisphere 
also affect the distribution of the field of outgoing radiation. Al! this 
leads to the fact that on an average thermal radiation of the Southern 
Hemisphere is lower than that of the Northern. 

Extremely widespread and most reliable experimental investigations. 
on the outgoing radiation of the earth-atmosphere system were carried 
out by Raschke and Pasternak [64] and similarly examined in the works of 
Raschke, Miller and Bandeen [63]. Employing the data of measurements 
from ‘‘Nimbus-II” which (as distinct from the satellite ‘“Tairos”) was at 
first set in a polar orbit, the authors were able to construct charts of dis- 
tribution of outgoing longwave radiation over the earth, averaged for the 
period from 1 to June 15, 1966-(Fig. 8.11). The results of measurements 
of outgoing longwave radiation for data from the satellite “Nimbus-II” 
in June, 1966, have been discussed in [63]. 


4.2 Effective radiation of the underlying surface 


The effective radiation of the underlying surface F, was computed 
by Efimova and Strokina [17, 18] from theoretical formulas while taking 
into consideration its dependence on the temperature of the underlying 
surface, temperature stratification of the atmosphere and its moisture 
content and cloudiness (a linear relation between the effective radiation 
and cloudiness is accepted). 

The geographic distribution of effective radiation of the underlying 
surface over the earth is represented here in the form of charts for the two 
months, viz. January (Fig. 8.12a), July (Fig. 8.12b), being taken from [17, 18]. 

The maximum values of effective radiation averaged over a year, of 
the order of 80-90 kcal/cm?- yr, have been recorded in regions with high 
temperature of the underlying layer and low values of moisture and cloudi- 
ness. This is found to take place in the deserts and in arid regions in tropical 
latitudes. Considerably lower values of effective radiation (of the order 
of 30-40 kcal/cm? - yr) have been observed.in the region of trade-winds and 
above the oceans. This happens on account of increased moisture in the 
air and some increase in cloudiness. 

In the presence of polar latitudes (Arctic and Antarctic), where in 
the course of a year one finds low temperatures of the underlying surface, 
inversion in winter and considerable cloudiness in summer, the maximum 
of effective radiation has been recorded (less than 20 keal/cm? - yr). 

The presence of cold and warm oceanic currents exerts a considerable 
influence on the course of isolines of effective radiations. The cold currents 
may slightly decrease the value of effective radiation, whereas warm cur- 
rents may somewhat increase it. , 
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The character of isolines of effective radiation of the underlying 
surface in the average monthly and yearly charts exhibits analogous funda- 
mental features. However, the properties of the season being studied 
may in this case exert a specific influence. 

The distribution charts of effective radiation are simpler in the Nor- 
thern Hemisphere during wintertime than in summer. In January the 
isolines have an almost latitudinal direction whereas in July this is some- 
what distorted. 

The highest value of effective radiation in the Northern Hemisphere 
has been observed in the desert region of Africa and Asia. In the Southern 
Hemisphere the maximum occurs in January (summer) above the desert 
region of Central Australia and comprises values exceeding 8 kcal/cm? - mon. 

In the Southern Hemisphere the value of effective radiation of the 
underlying surface in July (winter) increases as one proceeds from the pole 
(2.0 kcal/em?- mon) to the tropics. The maximum values (above 
6 kcal/cm?- mon) have been recorded in the regions of the Australian and 
South Africa deserts. In the tropics and less arid subtropical regions the 
value of effective radiation decreases considerably and constitutes values of 
the order of 3.5-5.0 kcal/cm* - mon, and i in the zone of moderate latitudes 
it is 2.5-3.0 kcal/cm? - mon. 

L. N. D’yachenko [14] derived distribution charts of annual and 
monthly amounts of effective radiation of the surface over the Soviet Union 
territory, being constructed on the basis of measured data. An analysis 
and comparison with analogous charts were carried out simultaneously, 
the latter being constructed according to data computed by Efimova. 

While constructing and analyzing these charts the values of effective 
radiation were examined, taking into consideration the following, viz. 
distribution of air temperature over the territory of the USSR, the amount 
of precipitation, the number of days with precipitation and the amounts of 
solar radiation. In addition, they employed charts of average cloudiness 
given in the works of T. G. Berlyand [4]. 

A comparison between measured and computed values of effective 
radiation for the territory of the USSR provides a sufficiently close agree- 
ment. . 

' An analysis of measurements shows that the entire territory of the 
Soviet Union is characterized by a monotonic decrease in the effective 
radiation with increase in latitude. The lowest annual amounts have been 
recorded in the North and consist of the value of 20 kcal/em®- yr. The 
field of effective radiation in the Northern region of the USSR is diffuse 
- and -possesses low gradients: ° = = 

The maximum values of annual sums Fy have been recorded in Central 
Asia (in Kara Kum desert and in the region of Mt. Karabil), attaining 
values of the order of 700 kcal/cm?- yr. 
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In the monthly distribution charts of F, [14] the isolines pass through 
1 kcal/em?-mon. An analysis of the charts shows that the value of effective 
radiation changes during winter (December, January and February) 
from | kcal/em?- mon in the North to 4 kcal/cm? + mon in the South. 

In Central Asia in the region of the Kara Kum desert the values Fy 
exceed 3 kcal/cm?- mon in December and January and 4 kcal/em?. mon 
in February. Similarly monthly amounts Fy are found to occur in the 
Far: East region of the USSR. 

In Northern and Central Parts of the territory of the USSR the field 
of effective radiation is extremely diffused. The monthly amounts Fy 
vary around | kcal/cm? - mon. , 

An increase in effective radiation has been observed in the entire 
territory of the USSR with increasing heat influx during springtime. It 
varies in values below 2 kcal/em?- mon in the North to values above 5 
kcal/cm? - mon in the Southern region of Central Asia. 

During summers (June, July, August) the monthly amounts of 
effective radiation attain the annual maximum, They exceed the values 
8 kcal/cm? - mon in some instances in the Southern region of Central Asia. 
The highest temperatures in the Soviet Union and insignificant cloudiness 
have been recorded in this region. 

In September, October and November the values of effective 
radiation gradually decrease to 1 kcal/em? - mon in the North and to 
4 kcal/cm?- mon in the South. 


4.3. The longwave balance of the atmosphere 


The longwave balance of the atmosphere (radiant heat influx in the 
entire thickness of atmosphere due to longwave radiation) may be deter- 
mined as the difference between two radiative fluxes: viz. effective radia- 
tion at the earth’s surface and the outgoing radiation. 

In an overwhelming majority of cases the longwave balance of the 
atmosphere is negative since the atmosphere, in effect, loses heat on account 
of longwave radiation. c 

In’ order to emphasize the importance and necessity of studying 
longwave components of radiative heat influx in the atmosphere, we will 
carry out qualitative evaluation of heat balance and its distinct compo- 
nents [7, 20]. 

According to modern representation, albedo of the earth as a planet 
equals 0.35. Thus shortwave radiation absorbed by the earth equals 
168 kcal/cm? - yr. 

Shortwave solar radiation amounting to 130 kcal/cm?- yr falls at the 
earth’s surface. If the average weighted value of albedo of the earth’s sur- 
face equals 0.14, then it absorbs solar energy ge is equal to 112 kcal/cm? - yr, 
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‘and reflects 18 kcal/em®?+yr. Consequently that part of heat which is 
absorbed by the earth’s atmosphere equals 56 kcal/cm?- yr and comprises 
almost one-third of the quantity of radiation absorbed by the earth’s surface. 

There is a decrease in the thermal loss of the earth’s surface on account 
of longwave radiation. The effective radiation Fy at the level of the earth’s 
surface constitutes 40 kcal/cm®- yr on an average. Finally the earth’s 
surface receives about 72 kcal/cm?-yr in the form of energy of the net 
radiation which is dispersed partially in vaporization (59 kcal/cm?- yr) 
and in a turbulent heat exchange in atmosphere. (13 kcal/cm?- yr). 

The overall quantity of longwave radiation of the earth Fo, or the 
outgoing radiation at the level of the upper boundary of the atmosphere, 
averaged over a year for the whole earth, is equal to the quantity of absorbed 
solar radiation g, i.e. 168 kcal/em?- yr. Thus the difference of heat in 
the atmosphere and radiation (BLlw=Fy)—Pa) comprises 128 kcal/cm? - yr. 
This difference is compensated in the absorbing atmosphere by solar radia- 
tion (56 kcal/cem?- yr) and by heat influx caused by the condensation 
process in water vapor (59 kcal/cm?- yr) and in turbulent heat transfer 
(13 keal/em? - yr). ; 

The numerical characteristics of distinct components of the thermal 
balance of the earth given above clearly emphasize the importance and 
significance attached to the magnitude of the radiative influx of heat on 
account of longwave radiation in the overall heat balance of the earth- 
atmosphere system. 

The geographic distribution of the longwave balance of atmosphere 
over the earth is examined below. © 

L. H. D’yachenko and K. Ya. Kondrat’ev [15] constructed world 
maps of monthly and annual amounts of longwave balance of atmosphere 
on the basis of computed data. ~ 

As indicated above, the magnitude of the longwave balance of atmo- 
sphere Biw is negative. Absolute values of Biw are employed for the con- 
struction of charts for convenience. The charts were constructed from the 
data of 260 places uniformly distributed on the earth. This number in- 
cludes 165 stations situated on land and 95 in the oceans. 

The regions of polar latitudes (above 80° N and 70° S) and moun- 
tainous regions were not surveyed because of insufficient volume of neces- 
sary data. It may be noticed that the mountainous regions are shaded in 
the. charts. The overall area investigated comprises 460.1 < 108 km? and 
the entire area of the earth is 510 x 16° km?. 

The isolines pass through 20 kcal/cm? in the charts on distribution 
of annual amounts of longwave balance of the atmosphere. In the 
monthly charts they pass through 2 kcal/em?. In [15] the charts of dis- 
tribution of annual amounts of longwave balance of atmosphere and 12 
other.monthly charts are shown. Here we show only two charts, viz. for 
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July and January. 

One can easily see while examining the charts constructed that the 
field of atmospheric longwave balance is sufficiently homogeneous and the 
range of variation of the monthly and even the annual amounts is not large. 
A gradual increase in the magnitudes of Biw takes place from. the poles 
toward the equator in all charts. 

An analysis of annual amounts of the longwave balance of the atmo- 
sphere shows that these amounts change from magnitudes of less than 
100 kcal/cm?- yr) in polar latitudes to 160 kcal/em®- yr in the equatorial 
region. The isolines mostly differ in latitudinal direction. Disconti- 
nuities in isolines reflecting horizontal inhomogeneity of the temperature 

take place on the boundary between land and sea. 

A certain amount of nonzonality in the course of isolines has been 
recorded over cold and warm oceanic currents. A decrease in the long- 
wave balance of atmosphere Byw is related to cold currents. This occurs, 
for instance, above cold Peruvian currents or above branches of currents 
of Western winds on the North-West coast of Australia. The increase in 
the amount of longwave balance of atmosphere corresponds to warm 
currents. This increase was recorded above the warm Gulf Stream current, 
above a branch of the North Pacific ocean current and above warm currents 
of the Indian Ocean. 

These data show that there exists a possibility of discovering sea 
currents from the artificial satellites, since the field of outgoing radiation 
and the field of radiant heat influx i in the atmosphere are sensitive to the 
presence of these currents. 

The large oceans of the Southern Hemisphere and the position of the 
thermal equator toward the North from the geographic equator lead to 
the fact that on an average the heat influx in the atmosphere is greater in 
the Southern Hemisphere than in the Northern. 

It should be observed that maximum values.of longwave balance 
equal 140-160 kcal/cm?- yr occur above the ocean in the region of warm 
equatorial currents where a cloudy sky is frequently found. 

The absolute maximum of longwave heat influx in the atmosphere 
was recorded above the Pacific Ocean. It is 163 kcal/em*-yr. A com-. 
parison of the distribution charts of the annual amounts of longwave balance 
of atmosphere Brw over the earth, with analogous charts for outgoing radia- 
tion Fo and for effective radiation of underlying surface F, shows that 
outgoing radiation considerably affects the magnitude of the longwave 
balance of the atmosphere over the oceans. The longwave balance above 
the continents may be determined by the effective radiation of the earth’s 
surface. : 

In view of this it should be observed that the minimum values Brw 
are found to occur above deserts where the maximum value of the effective 
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radiation of the surface F, was recorded as caused by high temperature, low 
moisture content in the atmosphere and low cloudiness. 

, Thus, for instance, in the Northern Hemisphere a noticeable decrease 
of annual amounts Bw was recorded in the desert region of Northern Africa 
and Arabia, where Btw is less than 120 kcal/em?- yr. In the Southern 
Hemisphere a considerable diminution of the longwave balance of atmo- 
sphere was recorded above the Great Sandy Desert of Australia and the 
South African deserts. The absolute minimum was recorded in the 
region of the Kalahari Desert in South Africa where the Btw is less than 
100 kcal/cm? - yr. 


Table 8.10 Mean latitudinal values of Byw keal/cm? + yr 


Total Biw av 
Area Area area ZBiw 

Latitude of of of the of the 

; land, sea, zone, Above Above Mean zone 
%y % x102cm? land sea for the 
zone 

90-80°N 10 90 3.9 ll 
80-70 29 71 11.6 
70~30 72 28 18.9 115 118 16 = 21.9 x 1018 
60-50 . 57 43 25.6 . 114 121 117 30.0 
50-40 52 48 31.5 112 120 116 36.6 
40-30 43 57 36.4 110 129 121 44,1 
30-20 38 62 40.2 119 139 131 52.7 
20:10 26 74 42.8 126 “150 144 61.7 
10-0 23 77 44.1 132 150 146 64.5 
.0-10°S 24 76. 44.1 - 131 151 146 64.5 
10-20 22 78 42.8 131 147 144 61.7 
20-30 23 77 40.2 113 135 130 ‘52.3 
30-40 12 88 36.4 111 127 125 45.6 
40-50 3 97 “31.5 114 125 “124 39.1 
50-60. 1 99 25.6 118 120 120 30.8 
60-70 10 90 18.9 

70-80 : 11.6 

80-90 Ls a 3.9 
80°N 29 71 460.1 119.0 - 136.0 131.5 
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The mean values of the longwave balance of atmosphere for the earth 
equals 131.5 kcal/cm? - yr (Table 8.10). The average value of the longwave 
balance for land is 119.0 kcal/cm? - yr, and for sea 136.0 kcal/cem*-yr. These 
values were computed while considering the fact that land covers 20% 
and sea 71% of the entire area of the earth. 

Similarly L. W. D’yachenko and K. Ya. Kondrat’ev [15] obtained 
the annual amounts of longwave balance of atmosphere for different lati- 
tudinal zones of the earth (cf. Table 8.10). They are found while consi- 
dering the ‘“‘weight” of sea and land for each latitudinal zone. 

An analysis of Table 8.10 shows that the radiant current of heat for 
the entire thickness of atmosphere increases from the poles toward the 
equator. 

It should be noticed that the mean value of the balance for the Southern 
Hemisphere is slightly higher than for the Northern Hemisphere. This 
is explained by the large oceanity of the Southern Hemisphere. 

We will now examine the monthly distribution charts of the longwave 
balance of atmosphere. In the monthly charts (Fig. 8.13a and 8.13b) 
one may observe a picture which is analogous to some extent to the dis- 
tribution picture of annual amounts of Biw. A clear minimum can be 
distinguished during winter in the Northern Hemisphere in the region 
of Siberian anticyclone when the warm Gulf Stream current increases the 
value of the heat influx in the atmosphere as in the North Atlantic. 

The position of the maximum Bzw changes slightly from season to 
season. During summer it is situated in the vicinity of the tropics, where- 
as during winter it may shift in the direction of the equator. 

An examination of the charts constructed enables us to establish 
that the highest absolute values of monthly amounts of longwave balance 
of atmosphere have been recorded above the ocean in the vicinity of the 
equator. In July the maximum influx of heat in the atmosphere shifts a 
little towards the North from the equator. It is more than 12 kcai/cm?- 
mon (in the Pacific Ocean it is more than 13 kcal/em*-.mon). In January 
a reverse picture has been observed. The maxima shift toward the South 
from the equator. They .exceed the values 12 kcal/cm?: mon (in the 
Pacific Ocean it is 13 kcal/cm? - mon). 

A further analysis of the monthly charts shows that the maxima of 
the values of heat influx in the atmosphere in a given case is similarly related 
to the maximum values of outgoing radiation (Fe 16= -kcal/cm? - mon) 
which have been recorded above the oceans. 

Similarly an analysis of the year-to-year variation of the monthly 
amounts of longwave balance of atmosphere has been carried out [15] 
for different climatic zones of the earth. Fig. 8.14 illustrates the variation 
of longwave balance of atmosphere in the course of a year in different 
landscapes and climatic zones. 
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Fig. 8.14. Annual variation of longwave balance of the atmosphere 
in different landscapes and climatic zones [15] 
a) Tundras: 1—Amderma; 2—Cape Barrow; b) summer zone of moderate latitudes: 
1—Sverdlovsk; 2—Fort Nelson; c) zone of forest steppes and steppes of moderate latitudes: 
1—Rostov-on-Don; 2—El Paso; d)1—land area of subtropical latitudes (Tashkent); 2— 
Mediterranean climate (Rome); ¢) zone of equatorial monsoon; 1—Fort Lami; 2—Calcutta; 
f) zone of tropical deserts: 1—-Wadi Halfa; 2—Alice Springs; g), zone of equatorial cli- 
mate of tropical deserts; 1—Sao Gabriel; 2—Batavia, 3—Singapore. 


5. FLUXES OF ATMOSPHERIC THERMAL RADIATION 
ON DIFFERENTLY ORIENTED PLANES 


5.1 Fluxes at the ground level 


In clear sky. and in dense cloudiness the fluxes of atmospheric -heat 
radiation on differently oriented inclined surfaces situated on the ground 
depend on the angle of inclination of the surface and remain practically 
independent of its azimuth. The latter is connected with the fact that 
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azimuthal variations in intensity of radiation under the conditions indicated 
are so small that it is not possible to consider them (see section 2, Chapter 8). 
The flux of effective radiation of inclined surfaces may be determined 
by the relation analogous to (6.5). 
In.the case of isotropic effective radiation (err (3, %)=const) for 
an inclined surface the following relation holds 


Rear, cot 8.1 
2 


where Fy is effective radiation of horizontal surface. 
The effective radiation of slopes which are not very steep can be 
determined from the approximate formula : 


Fy F, cos a. (8.2) 


The measurements of effective radiation of inclined surfaces with the 
help of Yanishevskii’s pyrgeometer fastened on a theodolitic installation 
showed that the approximate formula (8.2) provides sufficient accuracy 
for surfaces with an angle of inclination «<30° [28]). 

The dependence of the relative effective radiation of inclined surfaces 
(with respect to effective radiation of horizontal surface) on the angle of 
inclination of the surface for cloudless atmosphere [27] is shown in Fig. 
8.15 for integral radiation. The results of measurements accomplished 
during nighttime are indicated by points. The dependence of Fu//Fn 
on @ according to data of computations is denoted by continuous lines. 
Calculations were conducted according to a formula, analogous to (6.5), 
using numerical integration over the given angular distribution of effective 
radiation. Computations were made for the following values of wo, viz. 
1.0, 1.8 and 4.0 g/cm? (we —total content of water vapor in a vertical 
column of atmosphere of unit cross section). In the figure the pointed 


: : : eas a 
lines denote curves for isotropic approximation (/,=F cos® =a) and 


for cosine law (Fg=Fp cos @). 

The discrepancies between measurements and calculated values lie 
within the limits of errors in measurement. The behavior of the curves 
depends broadly on the total content of water vapor in the atmosphere. 
Thus in practice the effective radiation of inclined surfaces under a clear 
sky can be computed from the effective radiation of a horizontal surface, 
which increases the relative values of F,//_ corresponding to intermediate 
curves in Fig. 8.15. Ifthe value of wo is known then the computations will 
be more accurate. 
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Fig. 8.15. Dependence of the magnitudes of relative effective radiation of 
slopes on angles of inclination of the slope under clear sky. 
1—northern slopes; 2—southern; 3—eastern; 4—western. 


The computations carried out above relate.to the case when the 
inclined and horizontal surfaces, situated side by side, possess identical 
temperature and are perfectly black, i.e. between these surfaces there is 
no heat transfer or multiple reflection. 

If the temperature of the inclined and horizontal surfaces are Ts 
and Tp respectively, then the supplementary flux of effective radiation on 
the horizontal surface F;, brought about by radiative heat transfer be- 
‘tween the surfaces can be evaluated from the following formula [21]; viz. 


Fy = Bol ph Tf ) sint a (8.3) 


2, 
where 8 is relative radiative capability of the slope and horizontal surfaces 
and ois Stefan-Boltzmann’s constant. The radiative heat transfer between 
slope and horizontal surface must be considerable during daytime when 
there exists a noticeable temperature difference between them. 
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5.2. Flux of outgoing longwave radiation 


The fluxes of outgoing longwave radiation on planes situated at a~ 
known height in the atmosphere depend on the orientation of these planes 
as well as on the angular structure of the field of outgoing longwave radiation 
which is essentially nonisotropic in most cases. , 

The fluxes of outgoing longwave radiation have been computed for 
two stratifications of the atmosphere, with respect to latitudes 0 and 65° N, 
and calculations have been made for summer and winter periods [23] for 
65° N. Besides, computations were carried out for a clear atmosphere 
and under conditions of dense cloudiness with upper boundary at a height 
of 3to9km. The corresponding data on angular distribution of integrated 
intensity of outgoing longwave radiation [29, 30] were utilized in the 
calculations. . 

The fluxes of outgoing radiation were obtained for surfaces inclined 
with respect to the earth’s normal from 0 to 180° at intervals of 10°. The 
azimuthal orientation has not been considered in this case, because the 
angular structure of the field of outgoing longwave radiation for stratifica- 
tion of horizontally homogeneous atmosphere examined lacks azimuthal 
dependence. The results of computations of flux of outgoing longwave 
radiation for intervals of wavelengths 4.88-120 2 are shown in Tables 
8.11-8.13, where Fy is the flux of radiation on a surface inclined at an 
angle « (the angle between normal to surface and earth’s normal) and F, is 
the flux of radiation on a horizontal surface (« =0) turned toward the 
earth. The relative values are of interest because they show most dis- 
tinctly by how much the radiation regime of differently oriented surfaces 
differs from the radiation regime of the horizontal surface. Moreover, the 
relative values are more convenient for a comparison of computations for 
a real field and for an isotropic field of outgoing current. 

An analysis of the data obtained shows that there exists a monotonic 
decrease in the flux of outgoing radiation as the angle of inclination of 
the surface increases in most cases examined for cloudless atmosphere 
and for dense cloudiness. A practically linear and very sharp decrease 
in flux was recorded for an increasing angle of inclination of the surface 
for values of a from 40 to 90°. The value of the flux of outgoing 
longwave radiation changes as the surface turns from 0 to 160° for all the 
stratifications of cloudless atmosphere within the limits of 1.5 x 10-2? W/cm? 
to 0.001x10-? W/cm?. For surfaces turned at an angle « =170° the 
flux of outgoing radiation is practically nil. Here, besides the decrease 
in the visible portion of the earth’s surface with increasing angle of incli- 
nation of the irradiated surface, a drop in the intensity of outgoing long- 
wave radiation with increasing nadir angles is also significant. As a 
result, the flux of outgoing radiation rapidly decreases with an increase 
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in the angle of inclination of the receiving surface. 

The value of the outgoing radiation current decreases in dense-cloudi- 
ness as the upper boundary of the layer of clouds rises. Moreover, a de- 
crease in the flux of outgoing radiation with increasing angle of inclination 
of the surface occurs noticeably slower under dense cloud than in a clear 
atmosphere. The value of the flux of outgoing radiation under dense 
cloud for inclinations of receiving surface from’0 to 160° varies from’ 
2.3 x 10-? W/cm? to 0.001 x 10-2 W/cm? when the upper boundary of the 
layer of clouds A lies at a height of 3 km and from 1.7x 10-2 W/cm? to 
0.0005 x 10-2 W/cm? when H; = 9 km. 


Table 8.11 Fluxes of outgoing longwave radiation (10-? W/cm?) on surfaces of 
different orientations at the height of 300 km (4.88 < A <120 4) equator, summer 


Clear Dense 


atmosphere cloudiness 
é Isotropic 
" H,=3 km Bison FulF, %o 
Fy F,{Fy %o me Fes, 
F, Fy/Fy Vo Fy FylFy Vo 
0 2.42 100.0 2.26 100.0 1.62 100.0 100.0 
10 2.39 98.8 2.23 98.7 1.59 98.1 98.5 
20 2.28 94.2 2.13 94.2 1.52 93.8 94.0 
30 2.12 87.6 1.98 87.6 1.42 87.6 87.8 
40 1.93 79.8 1.80 79.6 1.29 79.6 80.2 ° 
50 1.72 71.1 1.61 71.2 1.16 71.6 72.0 
60 1.49 61.6 1.40 61.9 1.01 62.3 63.0 
"70 1.26 52.1 1.19 52.6 0.856 52.8 53.8 
80° 1.03 42.6 0.974 43.1 0.707 43.6 44,7 
90 0.801 33.1 0.758 33.5 0.554 - 94.2 35.2 
100 0.613 - 25.3 0.581 25.7 0.426 26.3 28.1 
110 0.432 17.8 0.41] 18.2 0:304 18.8 21.0 
120 0.282 11.6 0.270 11.9 0.201 12.4 14.3 
130 0.163 6.73 0.157 6.94 0.118 7.28 8.8 
_ 140 0.0707 2.92 0.0686 3.04 0.0526 3.25 4.3 
150 0.0209 0.863 0.0205 0.91 0.0162 1.00 L7 


160 0.00063 0.03 0.00068 0.03 0.00058 1.04 0.3 
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Table 8.12 Fluxes of outgoing longwave radiation (10-? W/cm‘) on surfaces of 
different orientations at the height of 300 km (4.88 < A < 120 y), 65°N, summer 


Clear Dense 
atmosphere cloudiness 
° Isotropic 
i emission 
. H,=3 km Hy=9 km Fy /F %o 
Fy Fy/Fy %o pata ey 
Fy, FylFy Io Fy Fy/F, fo 
0 2.26 100.0 2.07 100.0 1.45 100.0 100.0 
10 2.22 98.2 2.04 98.6 1.43 98.6 98.5 
20 2.12 93.8 1.95 94.2 1.36 © 93.8 94.0 
30 1.98 87.6 1.81 87.4 1.27 - 87.6 87.8 
40 1,80 79.6 1.65 . 79.7 1.16 80.0 80.2 
50 1.61 71.2 1.48 71.5 1.04 717 72.0 
60 1.40 61.9 1.29 62.3 0.912 62.9 63.0 
70 1,19 52.6 1.10 53.1 0.777 53.6 53.8 
80 0.977 43.2 0.903 43.6 0.644 44.4 , 44.7 
90 0.762 33.7 0.706 34.1 0.507 35.0 * 35.2 
100 0.585 ° 25.9 0.544 26.3 0.392 27.0 28.1 
110 0.414 18.3 0.387 18.7 0.281 19.4 21.0 
120 0.273 12.1 0.255 12.3 0.187 12.9 14.3 . 
130 0.159 7.03 0.149 7.19 0.111 7.65 8.8 
140 0.0703 3.11 0.0667 3.22 0.0504 3.48 4.3 
150 0.0213 0.942 0.0204 1.00 0.0159 1.10 1.7 


160 0.00075 0.03 0.00074 1.04 0.00063 1.04 0.3 


The above computations enable us to make some general evaluation 
of the latitudinal and seasonal variability of the values of the flux of out- 
going longwave radiation. It should be observed that at the equator 
the flux of outgoing radiation for any. orientation of the surface exceeds 
the corresponding values at 65°N for a clear sky or for identical conditions 
of cloudiness. ; 

For cloudless conditions the variations at latitude 65° appear consi- 
derably more than latitudinal variations during summer conditions. From 
the data obtained it is seen that during summer the clouds exert a greater 
influence on the flux of outgoing radiation than during winter. 
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Table 8.13 Flux of outgoing longwave radiation (10-2? W/cm?) on surfaces of 
varying orientations at height of 300 km (4.88 <A < 120 1), 65° N, winter 


.- Clear Dense 
atmosphere cloudiness 

_————— eee Ts trropic 

a emission 

Ay=3 km Hy=9 km F,|Fo %o 

Fy Fy/Fy %o 
F, F,/F, %o Fy F,,/F, %/o 

0 1.68 100.0 1.63 100.0 1.16 , 100.0 100.0 
10 1.66 98.8 1.60 98.2 1.15 99.1 98.5 
20 1.58 94.2 1.53 93.9 1.09 94.0 94.0 
30 1.47 87.5 1.42 87.1 1.02 87.9 87.8 
40 1.34 79.8 1.30 79.8 0.931 80.2 80.2 
50 1.20 71.4 1.16 71.2 * 0.836 72.1 72.0 
60 1.05 62.5 1.01 62.0 © 0.730 62.9 63.0 
70 0.888 52.8 0.859 52.7 0.621 53.5 53.8 
80 0.732 43.6 0.709 43.5 0.514 44.3 44.7 
90 0.572 34.0 0.554 34.0 0.404 34.8 35.2 
100 0.440 26.2 0.426 26.1 0.312 26.9 28.1 
110 0.312 18.6 0.303 18.6 0.223 19.2 21.0 
120 0.206 12.3 0.200 12.3 0.148 12.8 14.3 
130 0.120 7.14 0.117 7.17 0.0871 7.51 8.8 
140 0.0338 1.98 0.0519 3.18 0.0394 3.40 4.3 
150 0.0162 1.0 0.0158 1.0 0.0122 1.05 1.7 
160 0.00055 0.03 0.00054 0.03 0.00045 0.4 0.3 


From data appearing in Tables 8.11-8.13 it is possible to observe 
that the nature of the dependence of relative values of the flux of radiation 
on the angle of inclination in clear atmosphere appears to be the same as 
for conditions of dense cloud and, moreover, it is identical for all cases 
examined. ‘Thus the dependence of the relative values of the flux of out- 
going longwave radiation on the angle of inclination of the surface is 
practically universal and obviously differs a little from the same dependence 
computed for isotropic outgoing radiation. Noticeable differences be- 
tween real and isotropic relative fluxes have been observed only in those 
cases when the angle of inclination of the surface is above 90°. Thus for 
a<90° in case of approximate computations of relative values of fluxes of 
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outgoing longwave radiation in differently oriented surfaces in the atmo- 
sphere one can use the isotropic approximation. However, further 
investigation for the case of partial, horizontally inhomogeneously 
distributed, cloudiness is necessary. 

Evidently in this case the dependence of relative values of fluxes 
on the angle of inclination of the surface will be considerably more variable 
than under conditions of cloudless sky or dense cloud. In partial cloudiness 
the relative fluxes may be more than unity (F./F,)>1, if the surface is 
oriented on the side of the uncovered part of the earth’s surface, and the 
clouds are situated directly below the satellite). 

Using the available data on the angular distribution of intensity 
of outgoing longwave radiation for a clear atmosphere and for dense 
clouds, it is possible to artificially simulate a field of outgoing radiation 
for the case of partial cloudiness, taking half of the radiation field from 
computations for cloudless atmosphere and the other half from compu- 
tations for dense cloud. In real conditions this case can be introduced. 
For a given distribution of cloudiness the effect of the azimuthal orientation 
of the receiving surface should be more substantial. 

The computation of fluxes of outgoing radiation on differently orient- 
ed surfaces from an artifically simulated field of outgoing longwave radia- 
tion in partial cloudiness gives only an approximate qualitative evaluation. 
In real conditions the presence of partial cloudiness must effect the strati- 
fication of the atmosphere in adjacent regions in the same way as the 
presence of large openings would influence the stratification of the atmo- 
sphere in the layer above the clouds. 

Some of the results of the calculations of the above-mentioned models 
(cf. [23]) are shown in Table 8.14. The computations were made for two 
latitudes (0 and 65° N) when half of the visible portion of the earth’s surface 
is covered by a layer of clouds with upper boundaries at altitudes of 3 to 
9 km. The surface is oriented on the side of cloudy covering (J=0°) 
and on the opposite side the uncovered portion of the earth’s surface 
(~=180°). Itis natural to expect that the receiving surface turned toward 
the cloud cover receives less longwave radiation as compared to the sur- 
face turned toward the uncovered earth. It is obvious from the data 
obtained that the azimuthal orientation of the receiving surface for clouds 
at an altitude of 3 km considerably affects the influx of longwave radiation. 
The difference between the values of flux of outgoing inclinations and 
opposite azimuths in this case becomes 3-5%. For clouds at a height of 
9 km the influence of azimuthal orientation appears to be more important. 
The differences between the values of Fy for surfaces with identical and 
opposite azimuths in this case become 20%. Here it is necessary to notice 
that the above-mentioned differences have been observed for surfaces with 
angles of inclinations from 40 to 90°. 


528 Radiation Characteristics 


Table 8.14 The flux of outgoing longwave radiation (10-? W/cm‘) at a height 
of 300 km in partial cloudiness, 65° N, winter 


3km 9km 
a? y=0° v= 180° v=0° y= 180°. Pe 
is] 
28 
Fe FelF, Fy FalFy Fy = FalFy Fy iF, SE 
% % % % FS 


0 1.66 100.0 166 100.0 1.46 100.0 146 100.0 100.0 
10 1.63 98.2 1.64 98.8 1.41 96.6 1.47 100.7 98.5 
20 1.55 93.4 1.56 94.0 1.32 90.4 1.43 97.9 94.0 
30 1.44 86.7 1.46 88.0 1.20 82.2 1.36 93.2 87.8 
40 1.31 78.9 1,33 80.1 1.06 72.6 1.27 87.0 80.2 
50 1.17 70.5 1.20 72.3 0.931 63.8 1.15 78.8 72.0 
60 1.02 61.4 1.04 62.7. 0.791 54.2 1.02 69.9 63.0 
70 0.863 52.0 0.886 53.4 0.654 44.8 0.880 60.3 53.8 
80 0.710 42.8 0.732 44.1 0.528 36.2 0.731 50.1 44.7 
90 0.554 33.4 0.572 34.4 0.404 27.7 0.572 39.2 35.2 
100 0.426 25.7 0.439 «26.4 = 0.312 21.4 0.439 = 30.1 28.1 
110 0.306 18.2 0.312 18.8 0.223 15.3 0.312 21.4 21.0 
120 0.200 8612.0 0.206 12.4 0.148 10.1 0.206 8=14.1 14.3 
130 0.117 7.0 0.120 7.2 0.0869 6.0 0.120 8.2 8.8 
140 0.0519 = 3.1 0.0533 3.2 0.0393 2.7 0.0533 3.6 4.3 
150 0.0158 0.952 ° 0.0162 0.976 0.0122 - 0.836 0.0162 1.1 1.7 
160 0.0005 0.0001 0.0005 0.0301 0.0004 0.0274 0.0005 0.0342 0.3 


The relative values of fluxes of outgoing longwave radiation on 
different surfaces for identical conditions of cloudiness at different latitudes 
are very close to each other. 

‘The results of these computations similarly show that for surfaces 
with angles of inclination up to 25° the fluxes of outgoing radiation do not 
vary by more than 10% as compared with the ‘flux on horizontal surface. 
Starting with the angle of inclination a=30° the relative flux of outgoing 
radiation decreases with a rising angle of inclination practically linearly. 
The vertically oriented surfaces receive about 34% of the radiation flux 
incident on the horizontal surface. 3 

On the basis of computations made on fluxes of outeaing. longwave 
radiation it is possible to approximately evaluate the angle of the cone 
(with apex at the receiving surface), which includes the specific portion of 
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radiation flux from the earth and atmosphere, incident on the given surface. 
The magnitude of the angle which includes 90% of the flux incident on the 
surface of different orientation is almost 60°. Only for a surface with an 
‘angle of inclination from 70 to 90° the angle of the cone (or the so-called 
‘effective zone) is about 70°. The magnitude of the effective zone which 
comprises 50% of the flux of. outgoing longwave radiation is almost 30° 
for the surface with an angle of inclination between 70° and 45-50° for 
surfaces with an angle of inclination from 70° to 90°. For surfaces having 
a >90° similar evaluation was not. carried ‘out since such surfaces already 
“do not see” the central portion of the underlying surface being situated 
directly below the satellite. 

The fundamental results of theoretical computations. shown in this 
paragraph are the definite dependence of the values of the flux of outgoing 
longwave radiation on the angle of inclination of the receiving surface, 
situated in the atmosphere at a height of 300 km. The calculations con- 
ducted showed that the dependence of values of the flux of outgoing radia- 
tion on the angle of inclination of the surface possesses a qualitatively 
identical character for cloudless atmosphere as well as for dense cloudiness 
under conditions of horizontally homogeneous atmosphere. Evidently - 
for partial and nonuniformly distributed cloudiness the dependence of 
the flux of outgoing radiation on the orientation of the receiving surface 
will be considerably more complex because the influx of radiation will 
depend not only on the angle of inclination but also on the azimuth of the 
surface. Similarly the data obtained provided an opportunity to use 
isotropic approximation. for the determination of relative values of 
the flux of outgoing radiation in a horizontally homogeneous atmosphere 
(at least up to an angle of inclination of 90°). 


6. CHARACTERISTICS OF MESOSTRUCTURE OF THERMAL 
RADIATION FIELD OF THE EARTH AS A PLANET 


In solving many of the problems of atmospheric optics as well as various 
allied problems it is necessary to take into consideration the properties of 
time, space and the space-time structure of the field of outgoing radiation 
of the earth as.a planet. 

‘ The numerous and variegated factors which exert an influence on 
the radiational.regime of the atmosphere in most cases enable us to indicate 
the arbitrary nature of the field of the earth’s radiation. This approach is 
justified by the fact that the volume of results of direct measurements on 
radiation has become so large recently that their complete analysis for con- 
crete experiments is not feasible in practice. Only statistical models of 
analysis.and development enable us to represent experimental data in 
compact form. 
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The arbitrary character of outgoing radiation implies that the full 
characteristics of the earth’s radiations may be obtained from the law of 
distribution of probable error in the energy levels with respect to some 
average value. However, the limitations on this information only indi- 
cate the approximate determination of the law which is equivalent to 
passing over to an incomplete description of the structure of the radiation 


field. 
6.1 Statistical method of describing radiation field 


While using the methods of incomplete statistical analysis one is forced 
to neglect some portion of the basic information. Thus the applicability 
of any method depends on the importance of this lost information for 
the solution of any concrete problem. The following methods are 
used : 

a) The distribution function of radiation with respect to levels. If Py(F) 
is probability density of distribution of radiation with respect to levels then 
the magnitude P;(7)d7 determines the probability for radiation energy 
found in the intervals from 7 to 7+d7. 

It must be borne in mind that a specific distribution Py() corres- 
ponds to specific conditions of measurements (characteristics of equipment, 
time of day, season, geographic coordinates, etc.). Moreover, this method 
does not take into consideration the space-time structure of the radiation 
field. 

b) Autocorrelation functions of radiation, By autocorrelation function 
we mean a: measure of mutual connection between the results of observations 
on radiation divided into intervals of time. Often autocorrelation functions 
over space coordinates as well as n-dimensional autocorrelation functions 
are used. 

Let us suppose that the variability of a field in time ¢ has been studied. 
Then, if the field 7 is statistically stationary in time, the autocorrelation 
function has the following form, viz. , 


1 iT. 
P (a) lim 7 | FO7@+a0 (8.4) 
—-T 


The function p» (A ¢) is a continuous even function, having the greatest 
value, equal.to the average. value -of. the. square. of the..function 7(é) - at. 
ASt=0. If F(t) does not contain implicit periodical components the auto- 
correlation function asymptotically approaches the square of the mean value 


of F(t). 
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c) The spectrum of Viner-Khinchin (Wiener-Kirchoff ) emission. The Wien- 
Kirchoff spectrum (for the smooth density spectrum) when j(t) has 
stationary value, is the Fourier Cosine-Transform of the autocorrelation 
function, viz. 


re) 
W (o)=— = [e(an cos wAtd (A?). (8.5) 
0 


‘The information contained in the autocorrelation function and the Wien- 
_Kirchoff spectrum is identical and in this respect there is no difference 
between the methods indicated. The relative usefulness of any of these 
methods is determined only by the convenience of its further application or 
by the experimental difficulties in recording corresponding characteristics. 

Although the autocorrelation function and the Wien-Kirchoff spectrum 
are adiabatic methods only for the description of standard, ergodic and 
Gaussian fields, it is possible to obtain many results, especially for linear 
systems, with their help. There exist radio-technical instruments for the 
direct determination of the correlation function of electrical signals with 
respect to time. 

d) Characteristic function of radiation. The time-dependent function 
can be determined from the expression: 


T 
1 : 
oan=tim 7 LF (J (t+ ony? at (8.6) 


and is yet another characteristic of the mean correlation between the values 
of radiation at different moments of time. It is easily seen that the function 
p (St) and 6 (A#) are related by the following viz. 


b(At)=2< F72(t)>y—2e (Ad), (8.7) 


which is justified for a stationary field (value <7? (¢)>, is the mean value 
of the square of intrinsic function). 

The space structure function can be determined in an analogous 
manner. 

e) Entropy of probability distribution of radiation. The most general 
measure of the indeterminancy of the arbitrary function 7 is the entropy 
of distribution P;(7), determined by the following expression. 


He P= [Py (F) log Py (7) a7, (8.8) 


where integration is carried over the entire region of variation of values of 7. 
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The entropy He becomes zero only in the case where the value 7 
can be completely determined. In all the. remaining cases entropy is 
positive at a given scattering maximum for normal probability distribution. 

A detailed account of the indicated methods can be found in special 
literature on mathematical statistics and similarly in [53, 66], directly 
relating to the problem of description of emission structure. 


6.2 Peculiarities of statistical description 
of the radiation field 


From the point of view of the observer using a typical optical equip- 
ment the radiation field represents a source of information on at least two 
spatial measurements. In simpler cases this information can be given as 
a function of right-angled coordinates on a plane surface. However, 
genéfally the original surface of recording is curved. This situation 
complicates the procedure of statistical description of the structure of radia- 
tion. For instance, in the case of optical instruments scanning the field 
of the earth’s outgoing radiation from the sky, the representation of the 
original information in the spherical coordinate system connected with the 
instrument is important since it bears a specific characteristic in mathe- 
matical language. 

In most cases of practical interest it is impossible to unconditionally 
assuMe ergodicity, stability and isotropy of the radiation field. If the 
direction in which measurements are carried. out differs insignificantly 
from the vertical, the radiation can be considered, under some sup- 
plementary conditions, to be stable, ergodic and isotropic up to the zenith 
angles, at which the earth still appears to be two-dimensional. However, 
as the ray of light approaches the horizon, the nonsphericity of the earth 
and the effects mentioned here cast their influence, viz. a distortion of the 
form in foreshortening, rising influence of atmospheric radiation and absorp- 
tion, refraction, shadow effect, etc., which change the average radiation 
and its variation considerably. It is obvious that any characteristic of the 
field obtained by averaging over all the zenith’ angles contains a large 
amount of information, Consideration of anisotropy and nonstability is 
a difficult task which, however, considerably raises the quality of the 
solution of the problem under investigation.. 

The important property of radiation field includes the fact that the 
probability function of radiation intensity is not Gaussian. In particular 
the radiation intensity cannot have negative values. Moreover, ‘it is 
evident that many real situations can be described by distributions with 
several maxima (for instance, radiation in partial cloudiness). Similar 
functions cannot be approximated by curves of normal distribution. Thus 
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we see that these spatial and statistical characteristics, such as the Wien- 
Kirchoff spectrum and autocorrélation function, contain extremely 
limited and in’ most cases insufficient information about the state of the 
field under investigation. Thus, for instance, in the problems of detecting 
false alarms, probability is of great interest, being determined by the pro- 
bability curves of the distribution of background variations. It is known 
that autocorrelation function does not satisfactorily describe the form of 
these curves if the distribution curve is not Gaussian. In these cases a 
knowledge of the distribution functions of probability density is essential. 


6.3 Methods of determination and some results of 
computations of structural characteristics 
of the field of outgoing radiation 


Two methods of determining the statistical characteristics of the 
radiation fiéld are possible which supplement and control each other. 
The first of these includes a statistical development and analysis of direct 
experimental data on radiation. In this the physical principles deter- 
mining the mechanism of the passage of radiation through terrestrial 
atmosphere do not play a significant role. Perhaps detailed statistical 
information can be obtained in this manner. However the working out 
of the experimental material demands a significant expenditure of labor, 
and does not always enable us to consider the effect of the properties of the 
instrument being used on the results of observation. 

On the other hand, the statistical properties of the radiation field 
can also be studied theoretically. In the presence of characteristics of the 
spatial structure of the meteorological parameters of the atmosphere, which 
affect its optical properties, the equation of radiative transfer can be used 
not only for the computation of average values but also for the determina- 
tion of the characteristics of the radiation field. 

(a) Thé structural characteristics of the radiation field from direct measure- 
ments. The volume of specific information on the statistical structure 
of the emission field found in literature as of now is not large. Below we 
will examine the results of statistical analysis of the field of outgoing radiation 
from the data of meteorological satellites ““Tairos-II’ and “Tairos-III”, 
given in [5, 6]. The results of measurement on radiation accomplished 
with the help of narrow-angle (angular vision 5°) five-channeled radio- 
meters are contained in atlases of charts [69, 70]. The data from the 
satellite ‘“Tairos-II’’ were interpolated in charts in networks at intervals 
of 40 miles, and data of ‘‘Tairos-III’”, in networks at intervals of 1.25° and 
2.5° arcs of the meridian at the equator. The dimensions of the portion 
of the spectrum registered in each of the channels are given in Table 8.15. 
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Table 8.15 
Channel Spectral range 
1 6-6.5 pp (absorption band of water vapor) 
2 8-12 wb (transparency window of atmosphere) 
3 0.2-6 p (spectral range of reflected solar radiation) 
4. 8-30 p (integrated thermal radiation) 
5 0.55-0.75 yp (range of spectral sensitivity of television camera) 


Because of the errors in measurements of radiation the data of channels 
3 and 5 of the artificial satellite ‘“Tairos-II” are not reliable, and the data 
of these channels of “‘Tairos-III” are also not accurate, but they are suffi- 


es 
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Fig. 8.16. Structural functions 5 and autocorrelation 
coefficient of the emission field. 
a—channel 1, 6—channel 2, c—channel 4. 
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Fig. 8.17. Structural function 4 and spectral density W of the radiation field 
using networks at intervals of 40 miles (1), 1.25° (2) and 2.5° (3). 
a—channel 1, 6—channel 2, c—channel 3, d—channel 4, e—channel 5. 


ciently good for the purpose of differentiating cloud systems. Measurements 
on the satellite ““Tairos-II’” were made during winter, and data on “‘Tairos- 
III” relate of summertime. The results of computations are given in 
Figs. 8.16 and 8.17. 

For the verification of isotropy of the analyzed fields of radiation 
analogous computations were carried out with a choice of original values 
at assemblies situated perpendicular to the primary direction. The 
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results of computation are shown in the graphs by dotted lines. Evidently 
the field of integrated radiation can be considered to be isotropic with a 
fair degree of accuracy; ‘to some extent this is justified for radiation in the 
absorption bands of water vapor. 

The fundamental properties of the statistical characteristics obtained 
have been discussed in the references cited, viz. [5, 6]. 

We will now introduce more examples of the statistical approach 
to the analysis of the outgoing radiative field. The result of observations 
from “Tairos-I]” for the construction of intermediate latitudinal profiles 
of outgoing thermal radiation have been used in [45]. The data were 
incorporated into two groups, referring to observations above continents 
and water areas. Computations of mean square values of variation in 
radiation were carried out. It appeared that in general this value changes 
with latitude for radiation above land to a greater extent than above sea. 
The numerical values of mean square deviation [45] are in agreement 
with the results of [5, 6]. 

Reference [37] gives the results of statistical development of measure- 
ments on the spectral distribution of outgoing radiation of the earth-atmo- 
_ spheric system, obtained by artifical satellite of the series “Cosmos”. The 
results are shown in the form of one-dimensional laws of intensity distri- 
bution of outgoing radiation in energy units for segments of the spectrum 
of width from | to 2 microns in the range 7-26 p. 

From the results of statistical analysis of the spectrograms obtained 
from the satellite ‘“‘Cosmos-45” the two-dimensional law of intensity dis- 
tribution’ of: térrestrial radiation [35] was obtained for several spectral 
intervals of width 1. » in the range of the spectrum 7-15 p. Numerical 
characteristics of these distributions are given (mutual correlation moments 
and coefficient of mutual correlation). 

Several characteristics of combinations of spectral intervals were 
selected for working out. As expected there appears a great measure of 
correlation between intensity in emission bands of the same atmospheric 
gas with values of the absorption coefficient close to each other. A mini- 
mum coupling was found in spectral intervals corresponding to absorption 
bands of different_ gases. 

Naturally, the: data introduced characterize the spatial structure 
of the emission field only in the most general features. The limitations 
on the application of original information prevent a more detailed analysis. 
In particular, the very form of the experimental material did not permit 
a solution of these problems, such as the determination of the characteristics 
.of very small-scale inhomogeneity of ‘emission, the analysis: of variations 
of. different origin, the study of time and angular structure of the emission 
field. The analysis of the last problem is complicated in that to date it 
has not been possible to obtain sufficiently detailed experimental data on 
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the properties of thermal radiation of the region close to the planetary 
horizon. Improved apparatus and methods of observations will enable 
the widespread application of statistical modes of analysis. 

(b) Application of the transfer equation for the investigation of the structure 
of the emission field. The difficulties in statistical analysis of experimental 
data on emission have increased the interest in the second method of evalua- 
ting the structural characteristics of emission field. Theoretical computa- 
tions on the intensity of outgoing thermal! radiation for different models 
of atmosphere enable scientists to accomplish a qualitative evaluation of 
the sensitivity of-radiation in different segments of the spectrum to the 
characteristics of the atmospheric state (i.e. distribution of temperature, 
pressure and optically active components). On thése computations ‘are 
based the evaluation of dispersion and autocorrelation functions of varia- 
tions of integral emission brought about by cloudiness [2]. The values 
determined in this manner are close to experimental values [5]. 

Generally the dependence of statistical properties of radiation in any 
spectral range on the atmospheric state can be determined on the basis 
of analyzing the equation of radiative transfer in the medium with arbi- 
trarily distributed optical characteristics. The process of radiative transfer 
may be examined from the mathematical point of view as a process of for- 
mation of an arbitrary signal in a system with arbitrary transmission 
characteristics. The investigation of these formations has been worked out 
in detail in the statistical theory of bonds (see, for instance, [41]), whose 
results can be utilized indirectly in atmosphere optics.as well. 

The works [3; 38,-39] have been devoted to the investigation of several 
statistical properties of the solution of the transfer equation. In [3] the 
effect of variation of optical density of the atmosphere on the transmission 
function has been determined on the assumption that the variation distri- 
bution is normal. The results obtained: were used for the working out of : 
the criterion for accepting model emission computations. In [38, 39] a 
relation has been obtained which establishes the dependence between 
characteristics of spatial structure of temperature, moisture and cloudiness 
fields and the corresponding characteristics of the intensity field of longwave. 
emission (v<3000 cm-!). The analysis was performed for linear approxi- 
mation with respect to variations of original meteorological parameters. 
Examples of several structural characteristics of intensity of ascending 
radiation are given, computed for the regions of strong and weak absorption 
in water vapor from data in [44]. 

One must, thus, expect that a statistical analysis of the transition 
equation which permits the application of wide material of meteorological 
observations will be extremely promising. 
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Q, NET RADIATION 


1. NET RADIATION AND ITS MEASUREMENT 
1.1 Constituents of net radiation 


By net radiation we mean the resulting or residual radiation flux 
after exchange of radiation at the boundary or within the atmospheric 
layer, or in the boundary and atmospheric layer considered. together. 
The radiant energy absorbed at the boundary or in the layer can be assigned 
the plus sign (influx) and the emitted energy the minus sign (scattering). 
During daytime all the components of net radiation participate in a radia- 
tive exchange, particularly the following: shortwave, i.e. direct solar 
radiation on horizontal surface Sp, scattered (D) and reflected (R) radiations; 
longwaves—-atmospheric radiation Ey, and radiation of underlying sur- 
face Ey. The net radiation for the underlying surface can be determined 
according to the formula : 

B=Sn+ D—R+kE,— Fu, (9.1) 
where & is absorbing capacity of the underlying surface. It is possible to 
transform equation (9.1) in the following- manner : 

B=Q(1~—A4)—F, (9.2) 


where Q = Sn + D is the total radiation, A = > is albedo of the under- 
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lying surface and F, = Ey — kEg is the effective radiation of the underlying 
surface. . 

Only longwave components participate in the radiative exchange 
of the underlying surface during nighttime so that the following equation 
holds : 


Biw = — Fy = kEg — Ex. (9.3) 


The net radiation of the underlying layer can be measured with the 

‘help of a radiometer situated horizontally at a distance of 1.0-1.5 m from 

the surface. The measurements taken with the radiometer during ascent 

give information about net radiation of the layer of atmosphere lying below 

together with the underlying surface. On the upper boundary of the 

atmosphere we obtain data on the net radiation of the earth’s surface- 
atmosphere system as follows : 


Bs =S', (1 — As) — Fo = Q (l— A) + q—Foo, (9.4) 


where S‘q is the solar constant on the particular day ata horizontal surface, 
Ag is the albedo of the earth’s surface-atmosphere system, Fe is the out- 
going thermal radiation and gq is the shortwave radiation absorbed in the 
entire thickness of the earth’s atmosphere. 

The net radiation of the atmosphere can be obtained as the difference 
of simultaneously measured values of net radiation on the upper and lower 
boundaries of the atmosphere, thus : . 


a = Bs — B=q— (Fa — Fy). 7) 


Evidently during nighttime By<0, since Fy >Fy always. As a rule 
during daytime, B,>0 [15]. Climatological computations always show 
that the average diurnal value Bg<0. This means that the nighttime 
cooling exceeds daytime heating and that absorption of solar radiation in 
aerosol is usually not taken into consideration in computing the incoming 
part of Ba, and absorption of solar radiation is neglected. For moderate 
latitudes during summer Bg can attain a‘ value of .0.2 cal/cm*®- min at 
midday, and B, attains a value of 1 cal/cem*- min-(for a layer of atmo- 
sphere of 27 km). 


1.2 Measurement of net radiation 
The measurement of net radiation of the underlying surface and 


all the more so of the net radiation of the atmosphere or the earth’s surface- 
‘atmosphere system is an extremely laborious and taxing task as compared 
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with the measurement of the shortwave constituents. The instruments 
widely used for a network of observations on net radiation are the following : 
Yanishevskii’s open radiometer in the USSR, Shulze’s radiometer with 
polythene shielding in Europe, Kew’s radiometer in England, Gier and 
Dunkel’s open radiometer with blowers and Funk’s radiometer with poly- 
thene shielding in Australia. In addition, the Angstrom compensation 
pyrgeometer is also used for measurements during nighttime. Shulze’s 
and Angstrém’s apparatus allow measurement of upward and downward 
fluxes separately, whereas the remaining three instruments measure net 
radiation directly. All the above-mentioned instruments are of the thermo- 
electric type with black receiving surfaces. The essential differences in 
their structure can be mainly accounted for by the different methods of 
shielding from the wind. Shulze’s and Funk’s instruments use hemi- 
spherical polythene shields, and the other instruments have open receiving 
surfaces. The constructional details of these instruments can be found in 
[8, 27]. Fig. 9.1 shows the above-mentioned radiometers being compared 
in Aspendale (Australia). 

The application of polythene filters completely eliminates the effect 
of the wind, but then the graduation of the instrument and working out 
of the results becomes complicated. In practice the use of radiometers 


Fig. 9.1. Radiometers of different types being compared to Aspendale. 
1—Funk’s radiometer; 2—Shulze’s radiometer; 


3~Yanishevkii’s radiometer; 4—Kew’s radiometer. 
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showed that it is necessary to apply only hemispherical shields or at least a 
shield approximating that in form. 

The application of a polythene shield is completely justified for 
a continuous recording of net radiation of the underlying surface or for 
measuring the gradient of net radiation. The use of a polythene shield in 
a radiometer. is imperative for measurements made in free atmosphere. 
For accurate measurements of values of net radiation in free atmosphere 
it is useful to employ paired radiometers [23], which divide the balance 
into upward and downward fluxes and with the help of a given albedo pyrano- 
meter distinguish all the constituents of net radiation. After the intro- 
duction of angular, spectral, thermal and barometric and several other 
modifications in the components it is possible to obtain net radiation within 
an error of about 5%. Recently separate measurements on net radiation 


have been made, using a standard radiometer with an accuracy not exceeding 
10%. , 


_2. NET RADIATION OF AN UNDERLYING SURFACE 
2.1 Variation of net radiation with time 


Of the majority of factors exerting a noticeable influence on the 
components of net radiation, the following fundamental factors may be 
distinguished, viz. the altitude of thé sun, cloudiness, atmospheric strati- 
fication and the nature of the underlying surface. The influence of these 
factors determines the character of variations with time as well as the geo- 
graphic distribution of the net radiation of the underlying surface. 
The net radiation of the underlying surface can be positive as well 
as negative depending on the time of day and the season. Negative 
- values of net radiation have usually been observed during nighttime. Simi- 
larly the mean monthly values of net radiation of the underlying surface may 
become: negative during winter (for latitudes above 40° N and. 40° S). 
The diurnal course of the values of net radiation of the underlying 
surface and its constituents in clear weather for Central Asia are shown 
in Fig. 9.2 [3]. . 
The effect of solar altitude on the magnitude of net radiation can be 
traced from the data given in Table 9.1 [6]. 
The influence of cloudiness on the diurnal variation of net radiation 
in different seasons is shown in Table 9.2 [21]. 
The cloudiness in summer and autumn leads to a noriceable decrease 
_ in the values of net radiation. 

The variation in the degree of cloudiness affects the values of net 
radiation to a considerable extent (at h@ = 40° and constant albedo) as 
shown here : 
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Degrees of cloudiness, tenths 3 4 5 6 7 8 
Net radiation cal/em? - min 0.46 0.45 0.43 0.42 0.40 0.38. 


calfem?. min. 
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Fig. 9.2. ‘ Diurnal course of mean values of net radiation of underlying" 
surface and its constituents in clear weather for Central Asia. 
I—net radiation; 2—direct solar radiation; 3—atmospheric back radiation; 4—scat- 
tered radiation; 5—reflected shortwave radiation; 6—effective radiation; 


7—emission of underlying surface. 


Table 9.1 Mean dependence of net radiation of underlying surface . 
- upon solar altitude (cal/cm* + min) [6] 


7 Altitude of the sun, deg 
Condition of Albedo 


underlying of, 


Suniece 0 5 10 15-20 25 30 35 


Without snow 15-25 —0.07 —0.04 0.03 0.12 O21 0.32 041 0.48 
Snow cover 50-80 —0.05 —0.04 —0.01 0.05 0.10 0.17 0.23 0.29 


In the annual variation of the daily amounts of net radiation and of 
its: constituents for moderate latitudes (Hamburg) [33], shown in Fig. 9.3, 
the definite influence of seasonal variations of solar altitudes on the values. 
of net radiation and of its constituents is apparent. 
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Table 9.2 Diurnal variation of net radiation in clear and cloudy 
weather according to seasons (cal/cm? + min) 


SEE 


Clear Cloudy 
Time 
of Ss 
day, hr Sum- Autumn Winter Spring Sum- Autumn Winter Spring 
mer mer 
. ; 
—0.063 —0.092 —0.088 —0.076 —0.018 —0.018 —0.034 —0.029 
—0.022 —0.070 —0.102 —0.068 —0.013 —0.013 —0.016 —0.024 
0.392 0.045 0.077 0.123 0.098 0.053 —0.007 0.054 
12 0.632 0.390 0.028 0.355 0.247 0.085 0.019 0.107 
16 0.312 0.120 —0.064 0.154 0.175 —0.006 —0.008 0.068 


20 —0.042 —0.080 —0.082 —0.048 —0.04 —0.012 —0.007 0.004 
0 —0.070 —0.079° —0.070 —0.060 —0.019 —0.003 —0.005 —0.019 


Ser, 
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‘Fig. 9.3. Annual variation of daily amounts (average for -10 years) 
of net radiation of underlying surface and its constituents in Hamburg. 
I—upward flux of the longwave radiation; 2—atmospheric back radiation; 
3—resultant radiation; 4—reflected radiation; 5—net radiation. 
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2.2 Geographic distribution of net radiation 
of an underlying surface 


The occurrence of polar days and nights in the Arctic and Antarctic 
regions is the basic condition of the radiation regime in these regions of - 
the earth. An analysis of the data on the net radiation was carried out 
separately for the light and dark periods. - For nighttime the mean values 
of the balance were found by way of averaging over separate data obtained 
under specific conditions of cloudiness. For the daytime the averaging of 
values of net radiation was carried out in the same manner as for its consti- 
tuents at specified solar altitudes. 

Because of the scarcity of observations on net radiation in the Arctic 
and Antarctic regions it is impossible to obtain information about time and 

_ Space variations only from the material on observations. Thus, theoretical 
computations of the net radiation and its constituents received fairly wide 
acceptance. The methods and results of computations are detailed in a 
monograph [26]. 

According to the data of Chernigovskii and Marshunova (Table 
9.3) the net radiation has simple annual variations in all Arctic regions with 
a maximum in summer and a minimum in winter. Positive net radiation 
has been observed from May to August and in the case of the sea being 
free of ice, even in September. The balance attains a maximum in July and 
comprises a value of 7-8 kcal/cm®- mon at the polar stations and in some 
polar seas, whereas in the region of ice drifts it reaches a value of 3-4 
kcal/cm? - mon. 

The geographic distribution of net radiation was studied by Cherni- 
govskii and Marshunova [26] in the Arctic region for 12 months. As an 
example we give here (Fig. 9.4) the annual distribution chart of net radia- 
tion in the Arctic region. 

In the annual chart of net radiation the zero isoline in the Western 
part of the Arctic region passes through 80° N and in the Eastern part drops 
toward the south to 73°N. The net radiation in the Central Arctic region 
is negative. The net radiation of the island surfaces, continental coasts 
and Arctic seas averaged over a year is positive. The maximum values 
have been observed in the region of the Barents sea (25-30 kcal/cm?- yr). 

The radiation regime of the Antarctic region [25] is extremely charac- 
teristic. The annual net radiation is everywhere negative (with the excep- 
tion of surfaces free from snow and ice). Thus, for instance, the annual 
amount of net radiation B at, Komsomol’sk station constitutes 
—12.2 kcal/em*-+yr, and in Mirnyy (in different years) it varies from —3.5 
to —9.] kcal/em*- yr. In those places where the surface is free from snow 
and ice, the annual net radiation attains higher values (above 75 kcal/cm?- yr 
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Table 9.3. Annual variation of net radiation in the Arctic region (kcal/cm". mon) [26] 
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Fig. 9.4, Distribution of annual amounts of net radiation in 
the Arctic region (kcal/em?* yr). 


at Oasis). Thus, the monthly amounts of net radiation for a large part 
of the Antarctic region are positive only i in the course of three to four months 
in a year. 

The mean monthly amounts of net radiation obtained as the product 
of mean diurnal amounts B and the average number of days in a month 
(30.4) are given in Table 9.4. 

A general idea of the distribution of monthly amounts of balance over 
the territory of the USSR is given in Table 9.5 [6], from which it follows 
that the monthly amounts of net radiation increase with the latitude in the 
course of a whole year. The properties of atmospheric circulation and the 
nature of the underlying surface (albedo of surface) affect the distribution 
of the balance to a considerable extent. 

The chart of geographic. distribution of the annual amounts of net 
radiation in the territory of the USSR is shown in Fig. 9.5 [24]. Obviously, 
the annual net radiation is everywhere positive. and varies from 
20 kcal/em?- yr in the North to 60 kcal/em?- yr in the South. 

The geographic distribution of net radiation is’ primarily zonal. 
However, a weak tendency of growth in net radiation has been observed 
in the Western regions. A reverse phenomenon takes place in the Eastern 
regions of the territory surveyed. 

It is usual to regard the period between November and February as 
the winter season in the case of the USSR, since it is in this period that the 
net. radiation is negative in the major portion of the territory. In these 
months, especially in December and January, the distribution of net radia- 
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tion differs from the latitudinal distribution. The negative values of 
monthly amounts of the balanée diminish in the North-Western region of the 
European Territory of the USSR under the influence of western transfer and 
the intense cloudiness connected with it, and in Eastern Siberia under the 
influence of a steady anticyclone and inversions connected with it. 

The summer season (June, July) is characterized by small variations 
of net radiation over the territory. In August the net radiation diminishes 
universally and especially noticeably in the North. 

Table 9.6 shows the results of computations on average latitudinal 
distribution of annual amounts of net radiation of land, oceans and the 
entire surface of the earth. These results were obtained by Budyko, Efimova, 
Zubenok and Strokina [9]. 


Table 9.6 Mean latitudinal distribution of annual amounts of net radiation 
(keal/cm*: yr) of land, oceans and the entire surface of the earth [9] 


Latitude in degrees Ocean Land Mean 
70-60 N 23 20 21 
60-50 29 30 30 
50-40 . 51 45 48 
40-30 83 60 73 
30-20 113 69 96 
20-10 119 71 106 
10-0 115 72 - 105 

0-10S 115 72 105 - 
10-20 113 73 104 
20-30 101 70 94 
30-40 82 62 80 
40-50 57 41 56 
50-60 28 31 28 
Entire earth 82 49 72 


The construction of charts [11], characterizing the geographic distri- 
bution of mean amounts of net radiation for the earth’s surface (Fig. 9.6), 
was carried out on the basis of a Jarge amount of data computed by Efimova. 
An analysis of this chart shows that the variation in net radiation in 
transition from land to sea occurs spasmodically, expressed in the dis- 
continuities of isolines in the vicinity of coastal areas. This is brought 
about by the sharp variation in the albedo of the underlying surface in view 
of the significantly lower values of albedo of the ocean surfaces than for 
land. The net radiation of the latter as a rule exceeds the net radiation of 
land. 

From Fig. 9.6 it is seen that the net radiation is positive for the entire 


Characteristics 


556 Radiation 


VIPSs 39U Jo sJUNOWE TENUUB IFUIZAB JO UOHNGLNSIG ‘9'g *3 


ie Z Ly LLYN DN EN 
08.09 5 gr09 oe: GEROgH00 
‘ 09 09g. A CS A Migs Od I~! b 
0 ? WiYZ D¢.08° 
a) 


iw *oe7 oc \" She 
rh 4 i 
XS Sep al 
x 4, 


Net Radiation 557 


surface of the earth and varies from values close to zero in Central Africa 
and 10 kcal/cm?- yr in the vicinity of the boundary of perpetual ice to 80- 
95 kcal/cm® - yr in tropical latitudes. Nevertheless, annual amounts of net 
radiation can be negative, obviously, in the regions with constant or conti- 
nuous ice or snow cover, i.e. in some Arctic and Antarctic regions. 

The distribution of net radiation in the cold and moderate zones 
of the earth can be considered approximately zonal, since during summer 
and winter the underlying surface is comparatively homogeneous in large 
territories. In land regions the magnitude of net radiation is very much 
lowered. This situation can be explained by the large albedo values in 
deserts and considerable dispersion of heat as a result of the high temperature 
of the desert surface. Inconsequential magnitudes of net radiation are 
found in monsoon: regions brought about by the increased cloudiness during 
the warm season of the year. 

The maximum values of net radiation of the surface above the oceans 
have been observed in the regions of the Indian Ocean, East of the Arabian 
Peninsula and off North-Western Australia. The maximum on land occurs 
for grasslands with low cloudiness but with sufficient moisture, and for the 
evergreen tropical forests. 

An analysis of the monthly charts for January (Fig. 9.7 a) and July 
(Fig. 9.7 b) leads to the following conclusions : 

In January the net radiation is negative in the North from 45-47° N 
and positive in the remaining surface of the earth with the exception of 
regions in the vicinity of the South Pole. 

Positive net radiation rises toward the equator, attaining a value 
of 8-12 kcal/em?- mon. It changes comparatively little in the oceans south 
of the equator, where it has a value of 8-12 kcal/cm?*: mon in the oceans and 
6-8 kcal/em?- mon on land. . 

In July the lowest values have been recorded in the polar basin, being 
of the order of 4 kcal/em?-mon. An extremely homogeneous radiation 
field with values of the order of 8 kcal/cm? - mon has been observed in the 
moderate latitudes of the Northern Hemisphere. 

Such a diverse distribution of ‘net radiation determines the formulation 
of continental air masses above these regions. The summer values of the 
balance in tropical and equatorial latitudes vary within large limits accord- 
ing to territory. The lowest values, viz. 4.5-5.0 kcal/em?- mon, correspond 
to the regions of greatest cloudiness during the equatorial monsoons. The 
maximum values of 8-10 kcal/cm?- mon have been observed in regions with’ 
a favorable combination of moisture and cloudiness. 


2.3 Net radiation of slopes 


The determination of the net radiation of differently oriented inclined 
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surfaces is required for the solution of different problems in the fields of 
construction, heliotechnology and meteorology in mountainous regions. 
The net radiation of an inclined surface or natural mountain slope 
can be described by the following relation : 
Bin= (Ss + Dg + Rs) (1 — As) — Fy — Us, (9.6) 


where Ss, Ds, Rg are the fluxes of direct, scattered and reflected radiations 
respectively on the inclined surface, Ag—the albedo of the inclined surface, 
F,—the effective radiation of the slope and U;—the exchange of longwave 
radiation between the surface of the slope and the reflecting horizontal 
surface. 

The exchange of longwave radiation between the slope and hori- 
zontal surface can be determined from the following expression [1]: 

Us =-( 3,07 ! —b oT | sint 4, (9.7) 
where 8, and 8, are the emissive capabilities of the inclined and the ad- 
joining horizontal surfaces respectively, Tj and T,—the temperature 
of the inclined and horizontal surfaces respectively, o—the emission 
constant, and a—the angle of inclination of the slope. 


If the slope and the horizontal surface possess equal emissive capa- 
bilities, then the expression (9.7) can be rewritten in the following manner : 


ee B0( T! —Té ) sins $.. (9.8) 


The determination of the distinct constituents of the net radiation 
of slopes has been examined in Chapters 5-8. In this section the net radia- 
tion of slopes as a whole will be examined. 

There are limited data in literature on the study of the radiation 
regime of mountain slopes in distinct geographic regions [2, 4, 22] or of 
differently oriented plane surfaces under ideal conditions [16]. 

Equation (9.6) describes the case of an isolated slope (or plane in- 
clined surface) with an evenly horizontal surface placed before it and the 
horizon completely covered. One comes across such conditions extremely 
rarely in nature. In natural conditions one must take into consideration 
the covering up of the horizon by mountains or structures and determine 
the fluxes of reflected radiation from the surroundings on the surface under 
examination. It is éxpécially important to consider this: while computing 
melting of snow in the mountains. This problem remains unsolved to date. 
For each concrete problem one is forced to carry out special actinometric 
measurements on the components of the net radiation. 
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The difference between the net radiation of a horizontal surface and 
inclined surfaces is clearly characterized by the relative magnitudes 
of the net radiation. Relative values of the net radiation can be determined 
as the ratio of the net radiation of an inclined surface to the value of the-net 
radiation of the horizontal surface. 

Fig. 9.8 a, b shows the dependence of relative values of the net radia- 

‘tion upon the angle of inclination and azimuth of the surface at different 
solar altitudes and clear atmosphere, constructed from the data on 
measurements [16]. The orientation of surfaces according to countries in 
daylight is denoted by letters on corresponding curves. From the figures 
it is seen that the influence of the azimuthal orientation on the values of the 
net radiation diminishes with increase in solar altitude. For surfaces turned 
toward the sun, the maximum of relative’ values of the radiation (Bin/Bh) 
were recorded at the angle of inclination of the surface « = 90°—ho, which 
is most clearly expressed at low solar altitudes. For low and intermediate 
solar altitudes the net radiation of inclined surfaces turned toward the 
sun is considerably greater than the net radiation for a horizontal surface. 

A maximum of Bin/B, has been recorded for surfaces oriented on the © 
side away from. the sun; moreover, for certain values of the angle of inclina- 
tion of the surface the net radiation is negative at low solar altitudes. - 

The curves of slopes turned away from the sun exhibit a positive net 
radiation on account of the rise in the flux of negative radiation and decrease 
of the effective radiation. A monotonic decrease in values of Bin/Bn 
has been observed for slopes with azimuth 90° and 270° with respect to the 
sun as the angle of inclination of the surface increases. 

Fig. 9.9 shows the dependence of relative values of the net radiation 
on the angle of inclination and azimuth of a surface under dense cirrus 
cloud. , 

From a comparison between Figs. 9.8a and 9.9 it is seen that under 
dense cirrus cloud the azimuthal dependence of B is less than in a 
cloudless sky. 

The zone of negative net radiation in this case is missing in view of 
the increase in flux of the. scattered radiation and decrease in effective 
tasiauan brought about by the influence of Goudiness. 


3. NET RADIATION OF THE. ATMOSPHERE AND THE 
EARTH-ATMOSPHERE SYSTEM 


3.1 Incoming and diffuse components of net 
radiation of the atmosphere and the earth- 
atmosphere system 


The incoming part of the net radiation of the atmosphere B, consists 
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0 610 30 50 70 90 «x? 
Fig. 9.8. The dependence of relative values of the radiation of slope 
(Biy/By) upon the angle of inclination ¢ and azimuth of the surface. 


a—Karadag, 16 hrs. 53 min, June 20, 1956; k@ =27°, Y@ =268°, clear, wind | m/sec, SE; 
b—Karadag, 12 hrs. 32 min, June 20, 1956; h@ =66°, Y@ = 199°, cleat, wind | m/sec, SE. 
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Fig. 9.9, Dependence of relative values of the net radiation of the slope 
(Bin/Bp) on the angle of inclination 2 and azimuth of the surface.. 
Karadag, June 16, 1956, 16 hrs. 49 min; A@=28°, bo =269°, 
cloudiness of 10 tenths Ci wind | mjsec, SE. , 


of direct solar radiation absorbed in the atmosphere and scattered radiation 
q, as well as thermal radiation of the underlying surface U, absorbed in the 
atmosphere. The diffuse component can be determined by the loss of 
heat on account of atmospheric thermal radiation in the direction of the 
earth’s surface and in space. The first component of diffuse part of atmo- 
spheric net radiation is the atmospheric radiation E, and the second is the 
atmospheric emission in space Eo. 

Thus the equation of atmospheric net radiation will have the following 
form : 

Ba= U,+¢q—Fa— En. (9.9) 

If it.is assumed that Pg is the transmission capability of the atmo- 
sphere for thermal radiation, then thermal radiation of the underlying surface . 
absorbed in the atmosphere can be represented in the form U,z=(1—P,) Fy, 
where F; is the upward flux of thermal radiation at the level of the 
underlying surface. 

Thus the magnitude Fy — EF, = Fo is the effective radiation of the 
underlying surface and Pa Fa+ Eo = Fo is the outward radiation of the 
underlying surface and atmosphere in space. After transformation the 
equation of atmospheric net radiation,can be written in the form : 


Ba= Fy — Fo + 9. (9.10) 


Direct solar and scattered radiation absorbed in the underlying sur- 
face and atmosphere constitute the incoming constituent of the net radia- 


564 Radiation Characteristics 


tion of the earth’s surface-atmosphere system Bz, whereas the outgoing 
radiation is the dispersed part. Thus the equation of net radiation of the 
earth-atmosphere system has the following form : 


Bg = S'y (1 — Ae) — Foo, (9.11) 


where S’, is the influx of solar radiation beyond the boundary of the atmo- 
sphere and Ag is the albedo of the earth as a planet. 

The local values of net radiation of the earth’s surface-atmosphere 
system and its constituents can be obtained from the experimental data on 
aerostatic probings in an atmospheric layer of 27 km thickness given in 
Table 9.7 [15]. 


Table 9.7 Net radiation of the earth’s surface-atmosphere system (cal/cm? + min) 


Date B q q%o B, Ba As%  Ac%  Cloudiness 


Sw 
May 25,1962 1.38 0.35 19.3 0.98 0.18 15.3 17.9. Clear 
May 30 1.23 0.29 16.1 0.74 0.087 22.0 18.8" % 
Jun 5 = — 0.8 .0155 — a is 
Jun 12 1.04 — — 0.75 0.006 33.9 16.3 i. 
Jun 22 1.02 0.11 — 0.63 —0.019 34.1 18.3  St,.Cu 
Jul 4 = = — 0.68 0.15 — 18.5  St,Cu 
Jul 7 1.15 0.41 22.2 0.58 0.20 -20.0 23.2 Clear 
Jul 12 1.08 0.39 21.6 0.70 0.11 20.9 20.9 53 
Nov 22 0.45 0.37 64.4 0.12 0.084 20.1 22.0 a 


Remarks: Bg and Bsw are the complete and shortwave radiative balance of the system: 
Ag and Ag are albedo of system and earth’s surface. © 


Table 9.8 Global net radiation (cal/cm*+ min) according to. 
measurements of “Nimbus-II’”’, 1966 


Period Ay Yo q- Fo By. 
May 16-31 30.1 0.341 0.339 _+0.002 
Jun = 1-15 30.6 0.337. 0.342 —0.005 
jun 16-30 30.1 0.338 0.345 .—0.007 
jul | 1-15 29.1 0.343 0.346 —0.003 
jul = 16-28 29.50 0.342 _. 0.345 - —0:003 


a I ETS 


Remarks: Data have been obtained considering the value of solar constant as 
1.95 cal/em?: min [Chapter 5 of the present collection of articles 34, 45]. 1 
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The global values of net radiation of the earth’s surface-atmosphere 
system and its-constituents, from data of ‘‘Nimbus-II”’, are given in Table 
9.8 [32]. 

It is obvious from the Table that mean global net radiation varies 
around zero value which indicates small deviations of the earth’s surface- 
atmosphere system from the radiation equilibrium. Global values of 
albedo, viz. A. = 30%, are considerably lower than those obtained earlier 
(34-42%). 


3.2 Geographic distribution of net radiation of ‘the 
atmosphere and of the earth-atmosphere system 


Insofar as the average annual temperatures of the earth as a whole 
vary only a little with time, the absorbed radiation of the earth-atmosphere . 
system for the whole earth must be on an average equal to the outward 
radiation. This condition of net radiation of the earth-atmosphere system 
being equal to zero serves as a reliable criterion of the correctness of the 
method suggested and the results obtained. Adding the magnitudes of 
absorbed radiation for the entire earth, it is found to equal 161 kcal/cm?- yr. 
The outgoing radiations thus came out to be 162 kcal/em?- yr. There is 
a satisfactory agreement. 

In the “Atlas of Thermal Balance of the Earth” under the editorship 
of M. I. Budyko [5] a global chart of net radiation of the earth-atmosphere 
system has been offered (Fig. 9.10). 

Table 9.9 gives average latitudinal values of absorbed radiation of 
the earth-atmosphere system S’, (1—Ae), outward radiation Fe and net 
radiation of the earth-atmosphere system B, for June and December. 


Table 9.9 Mean latitudinal course of monthly values of net radiation of the 
earth’s surface-atmosphere system and its components (kcal/cm") 


rae 5% (I-A) Fo By 8 (I-A) Few B, 
June : December 

70 N 15.4 12.9 2.5 0.0 11.4 —11.4 
60 17.2 13.4 3.8 0.7 11.7 -—11.0 
50 18.3 13.6 4.7 2.6 12.3 — 9.7 
40 19.07 14.1 4.9 5.7 13.1 — 7.4, 
30 19.1 14.6 4.5 9.6 14.3 — 4.7 
20 18.5 14.2 4.3 12.8 14.8 — 2.0 
10 17.2 13.3 3.9 - 15.5 14.1 1.4 


0 15.5 12.7 2.8 16.9 13.1 3.8 
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While computing the values of net radiation of the underlying surface 
from values of the net radiation of the earth-atmosphere system, T. G. 


Fig. 9.11. Annual amounts of atmospheric net radiation for 
the Northern Hemisphere (kcal/cm?- yr). 


Berlyand [7] obtained the amount of net radiation of the atmosphere 
and constructed monthly and annual charts for the Northern 
Hemisphere. 

Here we introduce the ‘annual (Fig. 9.11) and two monthly charts 
characterizing the warm (Fig. 9.12a) and cold (Fig. 9.12b) periods of 
the year. An analysis of these charts indicates a comparatively small 
spatial variation of the net radiation. This is especially seen in summer 
when the latitudinal variation in absorbed solar radiation and outward 
radiation is around 4-6 kcalfem*-mon. A more significant variation of 
net radiation has been observed in December (from —10 kcal/em?+ mon 
at high latitudes to —4 kcal/cm?- mon at low latitudes). Similarly the 
annual net radiation shows a noticeable geographic variability. 
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Fig. 9.12a. Monthly amounts of atmospheric net radiation for the 
Northern Hemisphere (kcal/cm? + mon). June. ; 


Computations of the average latitudinal distribution of atmospheric 
net radiation were accomplished by Berlyand and Vinnikov (Table 9.10). 


Table 9.10 Average latitudinal distributions of atmospheric 
net radiation (kceal/cm?* yr) 


Latitude, deg, B, Latitude, deg, Bs 
70-60 N 70 0-108 74 
60-50 60 10-20 76 
50-40 60 20-30 74 
40-30 69 © "30-40 aes 
30-20 82 40-50 64 
20-10 83 50-60 57 
10-0 76 Entire earth . 72 


a 
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Fig. 9.12b. Monthly amounts of atmospheric net radiation for the 
Northern Hemisphere (kcal/em? - mon). December. 


Many foreign scientists, besides Soviet scientists, have dealt with the 
question of the geographic distribution of atmospheric net radiation and 
the earth-atmosphere system. 

Table 9.11, constructed by Méller [30], shows a comparison of the 
results of computations of average annual values of atmospheric net radia- 
tion and its constituents for different latitudinal zones obtained by various 
scientists. 

In [28] Moller and many others scientists have given charts of the 
geographic distribution of mean annual values of atmospheric net radiation 
over Europe and parts of the Atlantic Ocean for January, March, May and 
September of 1955. 
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Table 9.11 Comparison of results of computations of atmospheric net 
radiation (cal/cm? ° 24 hr) and its constituents 


30-50° N © 40-60° N 60-90° N 


Bauer and Phillips (1934) 


q 90 82 81 
Fe —Fo 217 233 227 
Ba 127 151 146 
Hutton (1954) 
q 121 99 59 
Feo —Fo 359 333 287 
Ba 238 234 228 
: London (1957) 
q 96 83 65 
F —Fo 305 280 230 
Bs 209 197 165 
Moller (1959) 
q 92 79 55 
F o—Fo ° 300 291 262 
Ba 208° 212 207 


3.3 Vertical profiles of net radiation 


Here the profiles of total B and longwave Biw balances will be 
examined. The term “net radiation” will imply total radiation 
balance B. 

. The values of net radiation at different levels in the troposphere and 
stratosphere can change within wide limits from negative values of the 
order of —0.4 cal/cm?-+ min (at nighttime) to positive values of 1.2- 
1.4 cal/cm®- min (daytime for large ho). Moreover, these extreme values are 
most often recorded in clear weather at latitudes between 10 and 30°. 

At intermediate latitudes in daytime (k@>15°) the net radiation is 
positive at all heights. The maximum values 1-1.2 cal/em* -min can be 
obtained during summer at noon time above water surfaces or any other 
underlying surface with low albedo. The value of net radiation is un- 
conditionally affected by the state of the air mass situated above and below 
the radiometer. The pure air mass under other similar conditions results 
in higher values of net radiation. Variation in the solar altitude and in 
the quantity of cloud above or below the radiometer acts most distinctly 
on the values of net radiation. 
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0.2 0.4 0.6 0.8 cal/em2.min 


Fig. 9.13. Vertical profiles of net radiation. ~ 
1—Nov 14, 1961, A@ = 19°, clear; 2—-Oct. 23, 1964, A@ =26.5°, 10 point St.; 3—July 22, 
1964, A@ =26.5°, clear; 4—Oct. 1, 1965, A@ =35°, 10 point, multilayered ; 5—Oct. 21, 
1965, h@=26.5°, clear ; 6—June 5, 1962, h@ =56", clear; ‘ 
7—May 25, 1962, h@ =57°, clear. 


The fundamental patterns of the vertical course of net radiation can 
be studied from the data of actinometric probings carried out by LGU. 
Fig. 9.13 shows several vertical profiles of net radiation from daily measure- 
ments in balloons, rising to a height of 30-33 km. The method of measure- 
ment and more detailed results are given in [23]. Each profile refers to 
a particular solar altitude. The values of net radiation with respect to 
altitudes were obtained with an accuracy of 10%. 

Profile 1 (above 11 km) characterizes the course of net radiation in 
the stratosphere above a snow surface (k@ = 19°). The values of balance 
in this case are low, the highest value being B = 0.06 cal/em®?- min. The 
value of net radiation in the stratosphere is practically constant. The 
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tropospheric part of the profile was obtained above an underlying surface 
with lower albedo. 

Profiles 3, 6 and 7 refer to summer periods (hk@ = 26.5° and 56°). 
Profile 7 shows maximum possible values of net radiation for the latitude 
@> 50°. All the above-mentioned four profiles have been obtained in 
cloudless weather and under conditions of comparatively clear air masses. 
The small variation in magnitudes of B from a height of 6 km (profiles 3, 
6 and 7) and from a height of 11 km for the case described by profile 1, 
indicate that the state observed at these heights is close to the state of radiant 
equilibrium. If there is no distortion in the horizontal homogeneity of 
the underlying surface during ascent, then a radiant equilibrium may be 
observed from a height of 3-5 km. 

Profiles 2, 4 and 5 characterize the action of aerosol components on 
the values of the net radiation. In the case of profile 4, it is known that 
on this day the amount of the aerosol component in the lower stratosphere 
considerably exceeded the mean value. On the other hand, from the profile 
of reflected radiation (Fig. 6.17, profile 18), as well as from the profile of 
reflected balance 4, it is obvious that the variation in fluxes in the strato- 
sphere generally comprises 0.25 cal/cm?- min, i.e. the variation in the upward 
shortwave flux causes a change in -net radiation. Thus the rise in net 
radiation is connected with the presence of aerosol which “eats up” the 
high values of the albedo of clouds (the aerosol layer may be thought of as 
some semitransparent gray body with albedo from 20 to 40% depending 
on the aerosol concentration and thickness of the layer). This conclusion 
is confirmed by profile 2, which has segments with perceptible growth 
(7-18 km). In this case one-may ‘notice a layer (2-6 km) with anomalous 
‘turbidity above the layer of clouds. 

From the instance quoted it is obvious that the state of radiant equili- 
brium is easily distorted above an underlying surface with large albedo. 
The increased: aerosol concentration above these surfaces is the reason for 
the nonequilibrium of the components of net radiation. 

Profile 5 shows the action of the aerosol component (raising of con- 
centration) on the net radiation in a cloudless situation. ~ The stratospheric 
aerosol, situated in this case between the heights of 9 and 16 km, increases 
the albedo of the troposphere underlying surface system, and consequently 
lowers the value of net radiation (drop above 9 km). Evidently aerosol 
exerts an influence on effective radiation of the earth’s surface also. 

It thus follows that the aerosol component prevents the establishment 
_of radiant equilibrium; moreover, there is a shift in the equilibrium in 
the presence of cloudiness toward’ radiative heating (rise of nét radiation 
at a height of 15-25 km, profile 4). A shift of radiant equilibrium toward 
radiative cooling has been observed in the presence of cloudiness and in 
the case where the aerosol layer is situated between the instrument and 
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the earth’s surface (net radiation possesses a tendency to decrease, pro- 


file 5), 
Thus, in the majority of cases radiant equilibrium is brought about 


in the stratosphere under conditions of nonturbid air masses and in the 


absence of cloud formations in the low-lying layers. 
In the upper troposphere conditions close to radiant equilibrium 
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Fig. 9.14. Vertical profiles of longwave net radiation. 
I—July 22, 1964, A@=26.5°; 2—October 23, 1964, A@ =26.5°; 3—October 21, 1965, A@ = 
26.5° ; 4--summer, night, clear (TsAQ); 5—summer, night, cloudy (TsAO); 6—summer, 
night, USA; 7—equatorial regions (TsAO); 8—tropical regions (TsAO); 
9—experimental profile, summer, Central Asia. 
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appear mostly at low solar altitudes (<25°). To some extent the last 
position is justified for lower stratosphere as well. 

Let us now turn our attention to the vertical distribution of the long- 
wave balance. During daytime a longwave balance can be obtained if 
total and reflected radiations are measured along with net radiation so that 
the following holds : 


Buw = an oan ae ( Not — Q 4 ae -), (9.12) 


1g eg 


where az, Gex, aig and a2, are the longwave and shortwave transition multi- 
ples for the first and second sides of the radiometer («, and a, may not differ 
by more than 2%), np,—indicator of the radiometer adjusted for temperature 
and pressure (for measurements in free atmosphere); Q and R are the total 
and reflected radiations, measured by the pyranometer (taking into consi- 
deration the angular and spectral connections for pyranometer as well as 
for radiometer). 

During actinometric probing carried out at LGU the researchers 
employed a coupled radiometer besides the radiometer with a polythene 
shielding, which enabled them to obtain longwave fluxes and balance with 
an accuracy of 5% in the troposphere and not less than 10% in the strato- 
sphere. The profiles of longwave balance are shown in Fig. 9.14. The 
curves 1, 2 and 3 characterize Biw for daily conditions in summer (1) and 
in autumn (2, 3) and profile (2) was obtained in cloudy weather (St 10/10). 
The curves | and 3 characterize the latitudinal course of Biw for typical 
conditions (close to average) in clear weather during summer and autumn. 

The curves 4-9 have been introduced for comparison, so that the 
first five profiles (4-8) characterize mean values of Biw obtained with the 
help of actinometric radioprobing during nighttime, and profile 9 describes 
the course of Bw in the layer between 2-4 km from the results of daily 
airplane probings in Central Asia [20]. 

Profiles 4-5 show average values of the longwave balance for cloudless 
(4) and cloudy (5) weather during the summer period from the data of 
eight stations for actinometric radioprobing above the territory of the 
USSR and from data recorded on the vessel “‘Voeikov” in the tropics [18]. 

Average values of longwave balance for near equatorial (0-5°) and 
tropical (15-20° in winter and 25° in summer) latitudes are shown in pro- 
files 7 and 8 [19]. 

Profile 6 characterizes mean values of longwave balance during summer 
at nighttime above the territory of the USA [29]. 

Values of Biw approaching wintertime by night and day in dense 
‘ cloudiness are not large; i.e. from —0.03 to —0.08 cal/cm* - min; and Brw 
attains the value of —0.13, —0.17 cal/cm?- min in the surface layer during 
daytime in clear weather. 
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As can be seen from Fig. 9.14, a longwave balance can be found mainly 
in the troposphere from heights of 7-10 km, whereas Biw above this layer 
rises slowly (from absolute values in all cases). The maximum value 
(—0.36 cal/cm?-min) was obtained at a height of 28 km (profile 2) in 
dense cloudiness at a height of 1-2 km and anomalous.turbidity in the layer 
above the clouds. The minimum (absolute) values of Brw were obtained 
in the middle of the cloudy layer (profiles 2, 4) where the longwave balance 
becomes zero. The rise of Btw in the layer 2-7 km (profile 2) occurred as 
a result of the unusually high temperature, moisture content and aerosol 
concentration at these heights on October 23, 1964, as compared with the 
conditions on Nov. 21, 1965 (profile 3), when the air was at a temperature 
of 18° below, and the moisture content seven times less at a height of 5 km 
than on October 23, 1964. Surface values of Briw are not large and 
vary within the limits of —0.05 to —0.08 cal/em®- min at night and 
may reach —0.15 cal/cm*- min during the day. 

The difference between daytime (profiles 1, 2, 3 and 9) and nighttime 
(profiles 4-8) values of Bw appears in the troposphere as well as in the strato- 
sphere. The autumnal daytime profile (2) is closest to the average nightly 
profiles; in the stratosphere it is practically coincident with mean summer 
profiles (6) constructed from the data of Suomi (USA). The maximum 
difference between the summer profiles 1 and 6 exists in the troposphere (15- 
20%) and decreases in the stratosphere to 10%. Slightly higher differences 
between the daytime and nighttime summer profiles may be noticed on com- 
parison of average summer profile (1) with the data of nighttime actinometric 
radioprobing of TsAO. In this case the difference. becomes 30%. 

A comparison of the data of daytime and. nighttime probings shows 
that the formation of profiles occurs in the daytime at low heights. This 
is clearly demonstrated by profile 9, which was obtained at a high solar 
altitude. Significant variations in profiles can be brought about by the 
raised aerosol concentration where the course of profiles 2 and 9 at altitudes 
of 2-4 km assists in the process. 

The effect of cloudiness on the values of Bry can be estimated from 
profile 5. At almost all altitudes the absolute values of Biw in this case 
are lower than in other profiles. The altitudes of 11.5-17 km are an 
exception since the minimum values of Biw (on the absolute scale) were 
obtained in equatorial latitudes (profile 7). 

The highest average values of Biw (on the absolute scale) from the 
data of TsAO were recorded in tropical regions (profile 8). 

Thus the daily summer values of longwave balance in the troposphere 
can be higher than average nighttime values (profile 6) by 15-20% ; in 
the stratosphere the difference decreases to 10%. The mean values of 
Biw in autumn (profile 3) differ from mean summer values in the dark 
period of the day (6). only in the troposphere. The mean values of Biw 


576 Radiation Characteristics 


from the data of nighttime actinometric radioprobing in the USSR and 
USA for the same season, differ by 15-25% in the lower troposphere and 
up to 30% in the stratosphere. 

The vertical distribution of the values of longwave balance during 
daytime depends mainly on the altitude of the upper boundary of cloud 
cover and on the quantity of solar radiation absorbed in any atmospheric 
layer, i.e. ultimately on the stratification of active components of the 
atmosphere. 


3.4 Radiant influx of heat 


We will now examine the resultant influx of heat in the atmosphere 
up to an altitude of 55 km, received on account of (shortwave and long- 
wave) constituents of net radiation. 

There has been insufficient theoretical and experimental work to 
establish radiative variation from the data on vertical distributions of total 
balance. This is explained by the fact that the experimental investi- 
gation of net radiation in daytime presents many difficulties of a methodolo- 
gical nature which can be overcome only through complications of measur- 
ing apparatus (as. was done in the aerostatic. complex of LGU [23]) or by 
constructing instruments which measure the radiant influx of heat indirectly. 
Definite progress has been achieved in this direction [10]. 

In theoretical works in the majority of cases radiative cooling of the 
atmosphere on account of longwave radiation (Chapter 8, sec. 3) has been 
considered, as also to a lesser extent radiative heating due to absorption of 
shortwave radiation (Chapter 8, sec. 3), and not so comprehensively the 
variations, in radiative temperatures for complete net radiation. The 
Most interesting results are found in [13]. From Ohring’s investigations 
[31] it follows that in the entire layer of the stratosphere radiant equilibrium 
is absent at all altitudes, with the exception of a narrow transition zone in 

. the region 35-45° N. South of this range the net radiation of the strato- 
sphere is positive, and to the North it is negative. Consequently conditions 
may appear for interlatitudinal advection heat.. 

The computations of Ohring and Pressman convincingly prove that 
the thermal regime of the stratosphere primarily controls radiation. How- 
ever, the insufficient reliability of the original data for computations, and 
likewise differences in the methods of computation, Jead to the results of 
the computations of different authors varying considerably even with respect 
to thé fundamental properties of the profile of variations in radiative tempera- 
ture. The values of variations in the radiative temperature in the atmo- 
spheric layer studied experimentally were obtained as the difference between 
values of net radiation in the upper and lower boundaries of this layer, 
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and with respect to the difference in pressures at the boundaries of the layers, 
as follows : 


dT 1 @aB - OB 


where 4 B=B (z,)— B(z,) is the increase in net radiation expréssed in cal/cm?. 
min; Af is the difference in pressures in millibars at these levels; z, and 
z, are the heights of upper and lower boundaries of the layer being examined. 
The accuracy attained in this manner is not high (small differences in large 
values) since the daily vertical profiles B depend on many parameters? whose 
influence on the indicators of the instrument must be determined and 
‘eliminated. But the introduction of one solar altitude and consideration 
of-inhomogeneity of the underlying layer for data of the total net 
radiation obtained in the upper troposphere and stratosphere has not been. 
achieved to date with high accuracy. . 

Besides, the transition to formula (9.13) from the derived formula 
with respect to final differences is justified only for small 4 p, but in practice 
while working with aerostatic data on daily probing the application of 
steps for heights below 0.5 km is insignificant on account of inaccuracy 
in the profile itself. 

- The experimental] data on the variation in radiative temperature have 
been obtained only up to a height of 28 km. More detailed observations 
can be found in [14, 17]. Fig. 9.15 shows several profiles of variations in 
radiative temperature developed with the consideration of observations 
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Fig. 9.15. Variations in ‘radiative temperature in troposphere and lower 
stratosphere from the data on complete net radiation. 1962. 


I—May 25; 2—July 12; 3—June 3; 4—July 4; 5—May 30; 6—July 7; 7—November 22. 


1 Variation in A@, influence of temperature and pressure on the instrument, 
when it is not horizontal and inhomogeneity of underlying surface. 
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made above on the possible sources of error (profiles for which variations 
in solar altitudes are insignificant and comparatively homogeneous under- 
lying surface, for instance, absence of cloudiness). From the course of 
profiles it is. obvious that radiative heating predominates in the lower 2 
km layer during May through November and sometimes the values of 
heating becomes 0.4 deg/hr. The radiative variation is comparatively 
small in the layer 2-10 km and fluctuates about zero value. 

The results obtained by Kastrov [12] at heights of 3-5 km show that 
during summer the values of radiative heating and cooling are close to 
each other and become 0.06-0.08 deg/hr. Thus the radiative effect of 
variation with respect to temperature approaches zero during daytime. 

The results of probing in May (profiles 1, 5) show that cooling starts 
from a height of 9-10 km. 

Localized maxima of radiative heating were recorded in the three 
probings in the month of July (2, 4 and 6) in the layer 9-14 km. The 
course of profiles (3, 4) shows that during summer the transition to 
radiative cooling takes place at altitudes of 17-18 km, whose values become 
—0.3 deg/hr at a height of 24-27km. The second group of profiles shows 
that the case of radiant equilibrium is possible. The course of net radiation 
profiles in the stratosphere for other days, shown in Fig. 9.13 (1-5), confirms 
the observed regularity in distribution of variations in radiative temperature. 
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